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Abstract 
Positron lifetime measurements and angular correlation measurements 
were performed in several organic liquids. The results strongly indicate 
that positronium is contained in a "bubble" in the liquids. The radius of 
the bubble can be estimated by using the broadness of the narrow component 
in the angular correlation distribution, and by using the surface tension of 
o 
the liquids. Both methods give bubble radii from 4-7 A in the solvents in-
vestigated. The bubble influences the reaction mechanism between Ps and 
weak electron acceptors in such a way that the presence of the bubble de-
creases the reactivity of Ps. Positron lifetime measurements were also 
performed on a series of mixtures of organic liquids and on electron ac-
ceptors and charge-transfer complexes in solution. The results were in 
agreement with the spur reaction model of Ps formation, which, for the 
binary mixtures, explains the influence on Ps formation of proton spur re-
actions, in other cases of the solvation of spur electrons and positrons, 
and finally of electron trapping on CS„ combined with high electron mobility 
in pure CS„. The electron trapping ability of CS„ is expected to depend on 
the V of the solvent in which the CS, is dissolved. This dependence was 
observed. The electron acceptors give rise both to Ps inhibition (with two 
possible exceptions) and quenching, but when an acceptor takes part in m 
charge-transfer complex, the inhibition intensifies and the quenching al-
most vanishes. The decreased quenching was used to determind complexity 
constants that were in reasonable agreement with constants obtained from 
optical data. PV technique was also introduced to determine gas phase 
complexity constants. By use of the spur reaction model, the Ps yields 
were correlated to the gas phase reaction between electron acceptors and 
free electrons, as well as to pulse radiolysis data. 
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I. INTRODUCTION 
This report describes the use of positron annihilation technique (PAT) 
as a tool to obtain information about different chemical reactions and sys -
tems. The study of binary mixtures of organic solvents and solutions con-
taining electron acceptors and charge-transfer complexes is chiefly de-
scribed. The aim of the work is to clarify the parameters determining the 
amount of positronium (Ps) formed when energetic positrons are injected 
into a solvent and the reactions of the Ps formed. 
This report is submitted to Copenhagen University in partial fulfilment 
of the requirements for the degree of l ie. scient. (Ph. 0 . ) . With some 
1 2) 
minor changes major parts have already been published in two articles * ' . 
Interest in low energy positrons and Ps started to develop in the early 
1 950*8. Since then one European and three international PAT conferences 
have taken place. A fourth international PAT conference will be held in 
August 1 976. 
To date, roughly 1000 articles on PAT have been published. Several 
3-9) 
of them being review articles ' . The annual number of articles dealing 
with the PAT field is currently (1 975) approx. 200. The work described is 
done in more than 1 5 different countries. Nearly half the articles concern 
the study of metals, where topics such as Fermi surfaces, and defects in 
metals have been investigated using PAT. Especially for studies of defects 
in metals, PAT can give important information unobtainable by other methods. 
In chemistry, PAT was ear l ier mainly used for the study of Ps reactions; 
but since the proposal of the spur reaction model PAT has also been used 
to study the reactions of "excess" electrons within the ps region. Thus 
PAT gives information of importance to radiation chemistry. 
In addition, subjects such as ionic crystals , molecular crystals, posi-
trons and Ps in gases and Ps states, have been investigated by use of PAT. 
2. THE POSITRON AND POSITRONIUM 
The positron (e ) is an elementary particle with a rest mass equal to 
the rest mass of an electron and a charge equal to that of a proton. 
The positron was first experimentally verified by Anderson in 1 93z ' . 
On a photographic plate showing the tracks of cosmic radiation in a mag-
netic field, he ascribed a track to a positive particle - of which the mass 
was much closer to that of an electron than to that of a proton. Already in 
1 930 Dirac. in his "hole" theory, had put forward possible existence of a 
positive electron' 3) 
- S -
When epithermal positrons arc injected into a organic solvent they mav 
form positronium, (Ps). P s is a bound state between a positron and en 
electron, in many respects s imilar to the hydrogen atom. The ground-
state binding energy of Ps is half that of The radius in the relative 
movement of the positron and the electron is two Bohr radii, giving an 
effective diameter of Ps equal to mat of H. 
E p s - 6.8 eV 
'Ps 1.06 A 
(2.0 
(2.2) 
This is due to the r« ..uced mass of Ps , which i s half that of H. Similar 
to the electron, the positron has a spin equal to 1 /2 h. 
Ps exists in two different spin s ta tes . Singlet - (1 Ps) o r para - Ps(p-Ps), 
where the spins of the electron and the positron a r e opposite to each other, 
and triplet - (3 Ps) or ortho - (o-Ps), where the spins of the positron and 
electron are parallel to each other. In the absence of a magnetic field, o-Ps 
can exist in three degenerated s ta tes . p -Ps can only exist in one s ta te . 
A positron can annihilate with an electron. This means that they a re 
both converted into Y-irradiation. In vacuum p -Ps will annihilate through 
-9 2Y annihilation with a characteristic lifetime of 0.1 25 n s . (1 n s = 10 s) . 
Since Y-rays a re spin ! particles it i s necessary to use two Y-rays-with 
opposite spin in order to obtain spin conservation. 
PROPERTIES OF POSfTRONtUM (Ps) 
TYPE 
PARA 'Ps 
ORTHO 3Ps 
STATE 
SINGLET 
TRIPLET 
SPIN 
11 
II 
QUANTUM NO. 
1 = 0 
m = 0 
1*1 
msO.M 
1 
DECAY MODE 
"A 
3Y 
J2~*^ 
LIFETIME 
125 ps 
137ns 
- I n s 
FRACTION 
25% 
75% 
Fig. f. Properties of positronium (Ps). 
- 7 -
Due to energy and momentum conservation during the annihilation 
process the energy of each of the two Y-rays will be equal to the rest energy 
of an electron if the p-Ps has zero momentum at the time of annihilation, 
E(Y) = m c 2 - 0.511 MeV (2.3) 
e 
where m is the rest mass of the electron and c the vetocity of light. Due 
to momentum conservation, the two Y-rays will be emitted in almost opposite 
directions. The deviation B, from the angle a between the two rays is for 
small 0. 
9 ~ arcsin ( P ) (2.4) 
e 
where p is the total momentum of the annihilating positron - electron pair 
perpendicular to the direction of Y-ray emission. 0 i s normally a few 
milliradians so 
m c * ' 
e 
As a result of spin conservation, o-Ps can only annihilate through the 
emission of an odd number of Y-rays. In vacuum, at least three Y-rays 
are necessary in order to obtain spin and momentum conservation. In 
vacuum o-Ps annihilates through 3 Y annihilation with a characteristic life-
time of 137 ns. 
In condensed matter the positron in o-Ps will normally not annihilate 
with its own electron. The positron will instead annihilate through 2 Y 
annihilation with an electron in one of the outer orbitals of the solvent 
molecules and the electron will have a spin opposite that of the positron. 
This type of annihilation is called pick-off annihilation. Naturally, pick-off 
annihilation reduces the lifetime oi' o-Ps in liquids. A typical o-Ps lifetime 
in organic liquids is 1 -5 ns. 
The free positrons in the liquid, e.g. positrons which have not formed 
Ps, will also annihilate through 2 Y annihilation with an electron in a mole-
cular orbital. This electron will have a spin opposite that of the positron, 
A characteristic lifetime for free positrons in organic liquids is 0. 3-0. 5 ns. 
In order to obtain information about the fate of the positrons, different 
measuring systems have been developed. The most commonly used are; 
positron lifetime measurements, angular correlation measurements and 
finally Doppler-broadening. Each of these systems are briefly sketched in 
- 8 -
this section, and the next section gives a more detailed description of the 
lifetime system and the angular correlation system. 
22 22 
Na is used as positron source. The decay scheme of Na i s shown 
on fig. 2. 
nNo 
r 3 
- 2 
- 1 1 
-1-0 
Fig. 2. Decay scheme of 22Na. 
22 
22 The half-life of Na is 2. 6 years . The positrons a re emitted from 
Na with energies ranging from zero and up to 0. 54 MeV. A Y-ray at 
22, 1. 28 MeV is emitted almost simultaneously with the Na emission of a 
positron. This 1. 28 MeV Y-ray announces the formation of a positron and 
is used as starting signal in positron lifetime measurements. The 0. 511 
MeV signal announcing the annihilation of the positron is then used as a 
stopping signal in the lifetime system. The time between the two signals 
is measured, and a positron lifetime spectrum is the number of positrons 
existing during this particular time as a function of time. Such a spectrum 
is normally composed of a sum of decaying exponentials. For this reason 
it is often shown as the 'ogarithm of the number of positrons versus the time. 
In angular correlation measurements the angle 9 between the two 0. 511 
MeV photons is measured. This system consists of one fixed and one 
moveable detector. The number of coincident signals from the two detectors 
is then measured as a function of the angle 0 . In the free particle approxi-
mation, 9 is roughly proportional to the z-component of the momentum of the 
annihilating positron - electron pair (see fig. 4). In the independent particle 
approximation the momentum distribution can be calculated as the Four ier-
transform of the product of the positron, and the electron wave function. 
For Ps in vacuum the momentum distribution can be calculated as the 
Fourier-transform of the Ps centre of mass wave function. An example of 
such a calculation is given in section 5. 
- 9 -
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tt511 M»V^ 
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POSITRON LIFETIME TECHNIQUE 
Fig. 3. A two-component positron lifetime spectrum and the principle in 
a set-up for positron lifetime measurements. 
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ANGULAR CORRELATION TECHNIQUE 
Fig. 4. A typical angular correlation spectrum for a metal, and the 
principle in a set-up for angular correlation measurements. 
In the case of p -Ps , where the total momentum is proportional to the 
centre of mass velocity, we get a rather narrow angular correlation function 
for thermal p - P s . For pick-off annihilation, the positron -electron mo-
mentum will be roughly proportional to the velocity of the electron in the 
molecular orbit. Such a velocity can correspond to a kinetic energy of 
several eV and, compared to the p-Ps will give r i se to a broad angular 
correlation function. For the same reason, the free positrons in the liquid 
also cause a broaH angular correlation function. 
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In the Doppler-broadeniag experiment the energy of the annihilation 
quanta i s measured. Here again the quanta have to carry the total energy 
and momentum of the annihilating pair. It appears that the major part of 
the deviation from the rest mass energy 0.511 MeV of the Y -quanta originates 
from the momentum conservation and not from the energy conservation '. 
The Y-spectrum of the annihilation quanta will be broadened due to the 
momentum of the positron-electron pair in the direction of the Y-ray propa-
gation. Consequently, the information obtained from Doppler-broadening 
experiments is very similar to the information obtained from angular cor-
relation experiments. Otoe of the advantages of Doppler broadening i s that 
the counting rate is very high. This means that there i s a short measuring 
time for Doppler-broadening experiments compared to angular correlation 
experiments. A disadvantage of Doppler broadening is the rather poor 
resolution obtainable compared to the resolution in angular correlation 
measurements. 
A more detailed description of the positron annihilation process and 
the calculation of the o- and p-Ps lifetime i s given in books on quantum 
electrodynamics '. 
3. APPARATUS 
A diagram showing a typical fast-slow coincidence system for positron 
lifetime measurements is shown in fig. 5. The system consists of two 
detectors a fast circuit (on the figure the outer) and a slow circuit (the inner 
circuit on the figure). The two detectors are identical and each consists of 
a cylindrical J. 5" x 1.5" scintillator-doped plastic "crystal" (NE 111 or 
Naton 136). Each plastic scintillator is mounted on a fast photomultiplier 
tube (PM). 
The fast circuit is responsible for the time measurement and the slow 
system ensures that only signals from the time to amplitude converter 
(TAG) that originate from a 1.28 MeV photon followed by a 0. 511 MeV photon 
are allowed into the multi-channel analyser (MCA). 
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Detector 1 Detector 2 
Constant 
fraction 
limno, 
discriminator 1 
X^*0^ Amplifier r ^ 
5Single r-^~\ 
channel 
analyser 1 «-j-* 
Concidence 
2 
1SCA 
2 
Concidence 
MuKi-channel 
analyser MCA) 
CFD 
2 
T*ne ID amplitude 
converter (TAC) 
Fig. 5. A diagram of typical equipment for positron lifetime measurements. 
When, for example, a 1.28 MeV photon is absorbed by the scintillator 
crystal, the crystal will emit light which can result in a signal from the 
PM tube. The signals from the PM tube a re of different magnitude and can 
often have a r i se time of more than 1 nsec and a full width half maximum 
(FWHM) of 2-3 nsec. These signals a re very broad and slow, considering 
that they a re to be used to measure time differences as low as 100-200 ps. 
Thus, a special technique was developed in order to obtain a reliable method 
to measure the peak position of such a pulse. This technique is applied in 
the so-called constant fraction discriminators (CFD). Assume that the 
pulses to the discriminators can be approximated with a Gaussian 
P = A exp(- at") (3 .1 ) 
where A, a are positive constants and t the time. When this pulse enters 
the CFO it is invers ed and delayed and then added to the attenuated input 
pulse. The resulting pulse is 
R p = -Atkexpf-at ') - exp(-a(t-to)")) (3 .2 ) 
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where t i s the delay time and o ( k ( 1 is determined by the attenuation 
of the original pulse. When P R changes from negative to positive values, 
it opens a gate and a standard pulse leaves the CFD. From (3. 2) it can be 
seen that the zero value of P R i s independent of the amplitude A. This 
means that although the leading edge of two pulses with different amplitudes, 
dispatched with a time difference T, will arr ive at the CFD with a t ime dif-
ference different from T, the two standard pulses leaving the CFD will 
again have a time difference T. Thus the use of a CFD instead of a leading 
edge discriminator improves the time resolution of the system, especially 
if the pulses are of rather different amplitudes. Normally the pulses a re 
asymmetrical so the use of a single Gaussian is a poor approximation. But 
as long as t is less than the r i se t ime of the pulses, it is only important 
that the front edge of the pulses can be approximated with a Gaussian. 
INVERTED AND DELAYED 
INPUT PULSE 
I 
{ ATTENUATED INPUT 
I / " " 
I 
RESULTING ZERO-CROSSING 
PULSE 
I 
Fig. 6. Gaussian approximation of the inverted and delayed input pulse, 
the attenuated input pulse and the resulting zero-crossing pulse used in 
the constant fi nction discriminator. 
Apart from bei.
 B divided into a fast and a slow circuit, the system is 
also divided into a starting system (e.g. system 1 on fig. 5) and a stopping 
system (e. g. system 2 on fig. 5). A typical lifetime measurement can take 
place as follows. 
A 1.28 MeV V-ray is absorbed in detector 1 and a pulse is dispatched 
from PM1. In the fast circuit, this pulse initiates a pulse from CFD1 and 
the TAC will "begin to measure the t ime". In the slow circuit, the pulse 
passes an amplifier and from there enters single -hannel analyser 1 (SCA), 
A 
Jk 
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which dispatches a pulse if the incoming pulse is of a magnitude cor re-
sponding to a 1. 28 MeV photon. The 0.511 MeV annihilation photon initiates 
a pulse from CFD2. When this pulse reaches the TAC, the TAC dispatches 
a pulse with an amplitude proportional to the time difference between the 
signal from CFD1 and CFD2. The pulse from the TAC will only be allowed 
into the MCA if the MCA sinvltaneously receives a signal from the coinci-
dence "box". This "box" only dispatches a signal if, within a preset time 
interval, it receives a signal from SCAl (from a 1.28 MeV photon) and a 
signal from SCA2 (from a 0. 511 MeV photon). 
If, for example, two independent 0. 511 MeV photons cause signals in 
PM1 and PM2, the signal from the TAC is not stored in the MCA, since 
SCAl rejects the signal for energy reasons and consequently the coincidence 
"box" does not open the MCA. 
The MCA simply registers the number of the positrons which have 
existed during that particular time versus the time. Cobolt-60 emits two 
Y-rays, practically simultaneously with energies which are able to pass 
e n 
SCAl and SCA2. The signals from Co should, in principle, all enter the 
same channel in the MCA corresponding to time zero. In practice, it turns 
fin 
out that the Co spectrum occupies several channels in the MCA. This is 
due to the finite time resolution of the apparatus. This finite time resolution 
of the apparatus causes a smearing out of the lifetime spectra and plays a 
very important role in the data analvses. 
In order to make a proper analysis of the lifetime spectra it is con-
venient to have a mathematical approximation to the time resolution, or 
prompt curve. Normally the prompt curve is fitted with a sum of up to 
three co- or off-centered Gaussians. A typical FWHM of the prompt curves 
used was 400 ps . 
The set-up used in the angular correlation measurements is sketched 
on the diagram in fig. 4. The detector at the left is fixed and the detector 
at the right is movable. Each detector consists of a horizontally mounted 
Tl-doped Nal crystal connected to two PM tubes. Each detector covered a 
solid angle of 0. 96 mrad in the z direction and ) 78 mrad in the y direction. 
Two energy-selecting SCAs should be inserted between the PM tubes and 
the coincidence box in fig. 4. After passing the SCAs, the signals enter 
a coincidence "box1. Again the box emits a signal if the signals from the 
SCAs arrive within a preset time interval. The coincidence box ensures 
that the two photons originate from the same event. 
The angular correlation spectrum is the number of coincidences as a 
function of the angle between the sample and the two detectors. 
- 15 -
BO Fig, 7. Co prompt(P-)curve. The dashed curve is a single Gaussian 
approximation having the same FWHM (385 psec) as the experimentally 
obtained P-curve. The fully drawn curve is a two-Gaussian curve composed 
of one Gaussian having a FWHM on 370 ps and a relative intensity of 80%, 
and a Gaussian with a FWHM on 522 ps and an intensity of 20%. The 
latter curve is off-centered 15 ps to the left of the first curve. 
A more detailed description of the positron lifetime set-up is given in 
ref. 16. A quantum mechanical calculation of the two Y angular correlation 
functions and the correspondance between these functions and the measured 
angular correlation spectrum is given in ret. 17. 
- 16 -
4 . PRINCIPLES OF DATA ANALYSIS 
All the recorded and presented lifetime spectra were analysed using 
the program POSITRONFIT1 8 * 1 9*. 
More detailed information about the program i s given in the original 
references ' * 
If the positrons only existed in one state , the positron l ifetime spectrum 
could be described by a single decay exponential 
N(t) = A exp(- *t) , (4 .1) 
where A i s a constant, X. the annihilation rate, and t the t ime. N(t) i s the 
number of positrons having existed during the t ime t. Normally the positron 
can be in j different s tates (e. g. p - P s , o - P s , free e ) and the l ifetime 
spectra will then be composed of a sum of j decay exponentials. 
N(t) = ^ Aj e x p f - X ^ ) . (4 .2) 
Here the intensity of the j component I. (in %) will be given by: 
Ij = —=* 3 ~ . H . 3 ) 
Fig. 8 i l lustrates how "*. = X." and I- can be found by graphical 
methods from the lifetime spectra. 
The prompt curve can be described as a sum of Gaussians: 
R(t) = c G ( t ) , (4 .4) 
<_. P P 
£. 
1 
I 
j 
100 
A 
_1 
i 
where 
Gp(t) = ( o p / « ) ' ] exp(-<(t-T0 - Atp) / * p ) 2 ) (4. 5) 
c p » 1 (4 .6) 
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Fig. 8. Synthetic lifetime spectrum composed of two lifetimes on 5 and F 
ns having relative intensities of I Of« and 90%, respectively. The lifetimes 
t j and T can be obtained from the slope of the two fully drawn l ines. 
The absolute intensities associated with each lifetime is proportional to 
hatched areas I. and I r 
and • is related to the FWHM 
FWHM 
• * -_. P 
P 2Vln2 
(4 .7 ) 
T corresponds to a reference channel number (time = 0) and A t is 
the displacement of the p'th component from T . 
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Fig. 9. The lifetime spectrum of 40 vol. % CS2 in TMS. The fitted curve. 
which can be seen on the figure in positions where it i s not covered by the 
experimental points, is composed of three decaying exponentials. The 
time zero corresponds to channel 25. 5, the time per channel i s 60. 2 ps. 
The curve can be represented by three lifetimes of 0.1 88 ns, 0. 469 ns , and 
(, 5)9 ns with relative intensities of 25.83%, 26.16% and 48.01%, respectively. 
Theoretically the measured spectrum F(t) will be (4. 2) folded with the 
resolution function (4. 5) 
CD 
F(t) R(t-t') ( A exp(-K.t'))dt' + B , 
La * J 
j 
(4 .8 ) 
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where B is the background. This integral F(t) can be evaluated and ex-
pressed in analytical functions. 
In the analysis of an ordinary lifetime spectrum the prompt curve, with 
the exception of T , is given as input parameter . The program then fits the 
given spectrum with F(t) having T and X.'s as nonlinear fitting parameters 
and B and A. as linear fitting parameters . A typical spectrum is r e -
presented by 400 numbers and will be analyzed for three lifetimes and three 
intensities. Eight parameters will be extracted from such a spectrum. The 
output from the computer also gives the variance of the fit, the statistical 
uncertainties on each parameter, plus a matrix of total correlation. 
22 Normally the positron source ( NaCl) is enclosed between two thin 
Ni, capton or mylar foils. This means that a fraction of the positrons 
annihilate in the foils surrounding the source. The spectrum of the positrons 
annihilating in the foils and the fraction of the total number of positrons 
annihilating in the foils can be determined by different methods. 
Normally the lifetime spectrum of the positrons annihilating in the 
source is calculated and subtracted from the measured lifetime spectra 
before final analysis of the spectrum. 
POSITRONFIT is a versatile program and many kinds of constraints 
can be imposed on the fitting parameters . All T 'S , I 's, T and the back-
ground can be fixed independent of the other parameters . Linear combi-
nations of the intensities may also be fixed to be zero. It is , for example, 
possible to fix the shape of the lifetime spectrum of a given compound and 
then see how much of this spectrum there is in the measured spectrum. 
The data analyses used for the presented spectra are given in section 6. 
The angular correlation curves were fitted by using the program 
20) PAACFIT . This program fits the measured spectrum with a sum of 
Gaussians: 
R(9) = ^ Ap exp(-(( e - 9o) / op)2) . (4.9) 
In liquids the theoretical curve will be symmetrical around 6 . The 
program can fit the measured curve by use of the A ' s , o 's and 6 . Also 
this program gives a statistical analysis of fitted parameters . Constraints 
on the individual parameters, as well as linear combinations of the A's, 
can be imposed before analysis of a measured spectrum. 
Again it is possible to see how much of a given curve is contained in a 
presented curve. 
- 20 -
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Fig. 10. The angular correlation curve of TMS. The curve drawn with a 
broad line is composed of three Gaussians having FWHM of 2. 53 mrad, 
8.11 mrad and 14. 93 mrad with relative intensities of 2 ! . I 7%, 72.89% and 
5. 94%. respectively. The broad curve drawn with a thin hue represents 
the sum of the two broadest components in the fitting curve. The narrow 
curve drawn with a thin line represents the narrow component of the fitting 
curve. This narrow curve i s believed roughly to represent the p-Ps 
momentum distribution. 
5. MODELS AND FORMULAS 
When epithermal positrons are injected into an organic solvent the> 
can undergo different chemical reactions. Some of the positrons can form 
o-Ps. The o-Ps 3-Y annihilation rate is >... The o-Ps can also participate 
in chemical reactions before annihilation. The most relevant reaction is 
believed to be the following. 
In the presence of oxidezers (Ox) the o-Ps can be oxidized. 
- 21 -
Ps + Ox - e+ + Ox". (5.1) 
The oxidizing rate X can normally be written as 
\ o - k [Ox] , (5.2) 
where k is the oxidizing rate constant dependent on Ox, the solvent and the 
temperature. [Ox] is the oxidizer concentration. 
Similar to the positrons which have not formed Ps , the free positrons 
produced by the oxidation will annihilate with a characteristic annihilation 
ra te X-. 
The o-Ps can also form bound states or complexes with different 
molecules, e. g. electron acceptors (A) 
Ps + A - PsA . (5. 3) 
The complex formation rate X is 
Xc = k- [ A ] , (5.4) 
where k' is a rate constant dependent on A, solvent and temperature. 
Another process that o-Ps can undergo is conversion. The o-Ps can 
be converted into p -Ps . This process normally occurs through interaction 
with a free radical R. 
o-Ps + R - p -Ps + R . (5.5) 
The conversion rate V can be written 
Y = k" [R] . (5.6) 
Again k" is dependent on R, solvent and temperature. 
The o-Ps that has not participated in the processes mentioned above 
will normally annihilate through pick-off annihilation 
o-Ps + M - e" + M+ + 2V (5.7) 
where M is a molecule. The pick-off annihilation rate is X . 
P 
Some of the positrons injected into a medium can form p-Ps , It is 
believed that the p-Ps formation probability is 1/3 of the o-Ps formation 
probability. The Ps formation probability is believed to be independent of 
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the state into which the Ps converts, and in the absence of a magnetic field 
there are three degenerated o-Ps states and one p -Ps state. This explains 
the factor 1/3 for the p-Ps formation probability. The energy difference 
-4 3 J between o-Ps and p-Ps is 8.4 • 10 eV ', so in practice, for energy 
reasons, none of the four different states should be preferred in favour of 
the others. p-Ps can undergo the same chemical reactions as o-Ps and 
it is believed that the rates for oxidizing X , complex formation X and 
pick-off annihilation \ are the same as for o-Ps . The conversion rate Y 
is assumed to be three times that of o-Ps since p-Ps can be converted 
into three o-Ps states. 
The positrons in the positronium which have formed a complex with a 
molecule will annihilate with a characteristic annihilation rate X . and 
m 
again practically all the annihilation takes place through 2Y annihilation. 
When the probabilities of observing the positrons as p -Ps , o-Ps , free 
positrons or in a complex at a given time t, are P , P t , P , and P the 
kinetic equations ruling these probabilities are 
d P s 
~3T ' - < 3 Y + X s * V \ > + V P s + Y P t <5-»> 
dP t 
-ar * - ( Y + S + V \> + V p t + 3 Y P s <5-9> 
dP 
ur = - W \ > ( p s + pt> (5.10) 
dP 
m X P + X (P + P J (5 11 
m in cv s t' »*'• ' ' 
In order to solve (5. 8) and (5. 9) we guess the following solutions 
P s = Aexp(-Xjt) + B exp(-X2t) (5.12) 
P^ = C expl-Xjt) + D exp(-X2t) . (5.13) 
Equations (5. 8) to (5. 1 3) were originally presented and solved by 
21 J McGervey '. But since his solutions for X., X„, A, B, C, D, P f and P 
differ from the solutions presented here, a rather detailed presentation of 
the calculations will be given. Let us define 
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Xs * \+ S* Xo* kc ^ m 
H * H * XP* N»* V <s»l5> 
Inserting (S. 12) and (5.13) into (S. 8) and (S. 9) give« 
-A k, expt-kjt) - BX2 exp(-x2t) - -(3V * K^ J • 
(5.16) 
<A exp{-)ttt) + B eaipC-^t) ) • -»(C e x p * . - ^ * D * exp{-K2t)) 
-C \ , exp(-Xtt) - O Kg exp(-V2t) * - CV • K»> (C eapl-fc, tj * 
D e*f»(-*2t» * 3Y(Å expf-^t) •*• B «p(-X2t}) * 
Since these equations must be valid at all times, the coefficients to 
exp(-X11) must be independent of tin« coefficients to e s p M ^ and vice versa. 
Consequently the equations can be separated into equations only containing 
coefficients to exp(-X11) and only containing coefficients to expf-Xgt). We-
regarding the trivial solutions, tine following equation is obtained for Kj or fc* 
xi 2 - Y2<4 Y + H + *s> * Y(3 M* *i> * H x s " ° l M 8 > 
yielding 
xr 
(5.18) 
A, B, C and D can be found from (5. J 6\ and (5.17) together with the 
boundary conditions 
A + B - Pg(0) (5. 20J 
C + D ' Pt(0) (5.21) 
- M -
yielding 
A • C'(-Ps(OJ 8» *• Pt(o>0»>/N (5.22J 
B - O»{P8(0) A' . Pt(«JC*)/N (5.23) 
C - A»(-P6fttJ B* + Pt<«»»}/M &>M} 
» * B*{PS(6) A* - P tf9)C)/N tS,25> 
where 
A» * Xj - Xg f&gf) 
B» - X2 - x ; (5.21) 
C» = X» - xT (9,28) 
D* • X{ - X2 (5*29» 
N • A»D» - B*C« • (Xj - X 2 H \ - KJ . ( | . JO) 
Note that X* - X* « X. . \ . 
t s i s 
Equations (5.10) and (5.11) a re differential equations of the following type 
Y • f(t)Y « g(t) (5.31) 
having the solution 
Y » exp(- /f(t)dt> ( /g ( t ) exp( /f(t)dt)dt • C ] , (5.32) 
Here C is an arbi trary constant that can be determined from the 
boundary conditions. Here 
f(t) - X{ (5.33) 
g(t) * \ , < p 8 + p t> ( 5*3 4> 
for equation (5,10), and substituting X- for X and X for Xc, we have the 
same equation tot (5.11). In solving the above equations and integrals the 
following solutions a r e obtained; 
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MA*C) xj&*m 
p f « k k (espf-^t) - exp(-Kft)) * 1 ? _ k (eapi-kj t)-«**-^)) • 
* I f 2 
($.35) 
Pj*©) expt-kjt) 
MA+C) K (B*D) 
*m ' r r r C**PC-Kf t) - e ^ - ^ t ) • - f — j . ( * M - 4 t ) -
rot IB £ 
(5.36) 
la a lifetime experiment we only measure the m annihilation rate iWfr 
*W ' - I - CFS + P f • F f •* P m ) (5*37) 
and ignoring \^ which will not contribute to the tt annihilation, 
» « * ***** • ^ f • *m?m * y P , • *V • 15.38) 
When a lifetime spectrum is analyzed it should, in principle, be pas-
sible to observe four different lifetimes \ . , X.„, \_ and U la practice, 
however, k and \ , are so close to each other (both 2 . 3 * 10 s " ) 
that it is impossible to separate them in a lifetime spectrum. 
A feature of the theoretical spectrum is the fact that negative intensities 
and intensities higher than ? 60% can occur. However, this does not violate 
any physical concept, as will be shown when some special cases are dis-
cussed* Anyhow, whenever one deals with an ordinary positron lifetime 
s pec trum.it should be possible to set the irrelevant fc»s and perhaps Y in 
equations (5. 8) - {5.1J) equal to zero, and then insert the relevant X's in 
the presented solutions {5. f 2), (5. f 3), (5,19), (5.22) - (5. 30) and (5.35),(5.36). 
If, for instance, k. « k^ it will be impossible to find A, B, C or D 
separately from the equations. But the physically meaningful concepts, 
such as A + B and C + D, can easily be found, 
When Ps is formed in a liquid, the above description is insufficient to 
explain its behaviour. Since Ps is a very light particle it is difficult to 
confine it within a narrow region due to the zero point motion of the Ps, 
Consequently, Ps is supposed to blow itself some sort of a "bubble" in the 
liquid as pointed out by several authors ' \ Also the electron blows 
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itself a bubble in some liquids * '. The bubble is, of course, only formed 
if the forces between the electron/Ps and the liquid ax« "sufficiently" re-
pulsive, in order to perform analytical calculations on such a bubble, ft to 
represented as a spherical potential well with infinite, hifh potential walla. 
Such a model is , of course, not correct, but ft can give some qnantitatjve 
ideas about bubble sizes and the reaction mechanism. 
E l 
s 0 
rig. I t . The square weli potential w e d to c»Ic»i«*e tbe P» energy te 8 » 
bubbles ir. the liquids using formula (5.43% 
The solution to the kinetic energy of a particle in auch s three-dimen-
sional potential can be found in several books on quantum mechanics and 
has been presented in ref. 22. 
Setting R(r) = -£i£L , and inserting in the Schrødinger equation, yields 
,
2
 A2 
- It U 
dr 
for r i a (5.39) 
if we assume that the particle has no angular momentum. This corresponds 
to a particle in a one-dimensional potential where x(r) has the following form 
i! (r) « A sin(cr) + B cos(ar) (3,40) 
and 
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Demanding that R(r) be finite for r*0, B must be zero. From the 
boundary condition x (») • 0 we have 
oa * y , n even . (5.42) 
Since n = 0 makes x(r) identical to zero, the lowest acceptable solution 
is n = 2 giving 
a a
* * *
E k i n = — T - <5 '43> 4m a 
e 
In order to calculate the bubble radii, it is necessary to evaluate what 
"sorts" of energy there are that a re of importance to such a bubble; each 
of the energies are calculated separately. As an example we will use a 
bubble with a radius of 5 A in a liquid with a surface tension of 20 dyn/cm 
and with an external pressure of 1 atm. 
2 2 
Ekin " * N " 1 - 2 ' 1 0 _ 1 2 e r g (5.44) 
4m r e 
E . = 4 n r 2 o = 6.3 • 1 0 " ' 3 erg (5.45) 
surface " 
E p v - P • V « P j * r 3 - 5. 3 • 10" 1 6 erg (5.46) 
2fi 97 ft 
m = 9.1 • 10 g, h =• 1.05 • 10" erg s , 1 1 • atm »1.01 • 10 erg. 
For small bubbles under atmospheric pressure it is justifiable to dis-
regard the PV contribution to the energy and to set 
«
2 h 2 o 
E « j - + 4 " r o . (5.47) 4m r 
e 
Assuming that the bubble will have such a radius that its total energy 
will have a minimum, the radius of the bubble can be calculated. 
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*§_ . -JA,: % 4- 2 * 4*r« - O for 
* 4m y 
r
 T55T5- ^ r l lSST* • 
e e 
8
 • e~XtA cm • 12*44 * • " * / * o 12.44 * t 0 - w  9 ' ' '    - • '** A, (5.48) 
for • » 2a dyn/«««, we have r. - S. 8 1 
o 
To calculate a bubble radius of 5 A by use of a macroscopically deter-
mined surface tension can seem ratter crude. However, the approximations 
seem not unreasonable since different methods for determining the bubble 
size give radii not too far from each other. 
The bobble sizes can also be determined front angular correlation 
measurements. In order to obtain mathematical solutions which can be 
treated by analytical methods, the Ps i s in this case assumed tø be in a 
three-dimensional harmonic potential. Under this assumption it i s possible 
to calculate the bubble radius \ The potential can be written 
V * i* u2(x2 + y 2 + z 2 ) (5.49) 
where w is the classical frequency of the harmonic oscillator. Here the 
ground state wavefunction can be separated into three independent functions. 
In this case only the z dependence of the wavefunction i s of interest. 
2 
m »a 
+ (z) = Nz exp( - - \ ) . (5. 50) 
Here all N's are normalization constants. The probability distribution 
along the z direction is 
2in wz | * ( z ) | 2 = N2exp( 1 ) , (5.51) 
TheFWHM(r z) of 5.51 is 
Tz . l&S*.)12 . (5.52) 
The Fourier transform of <fr(z) determines the distribution of p , the 
z component of the momentum 
- 2 9 -
oo 2 . 2 
- m w. * x p z „ P 
H»z) « N* j exp( - —2 »g—• )da • K «*P{- ^ | m • ) * 
e 
( 5 . 52 ) 
The p_ probability distribution is 
mm 
2 
k ( p , ) | 8 - N"2 e x p C - ^ j - J ^ ) . (5.59) 
e 
Remembering that in an angular correlation experiment the correlation 
between 9 and p„ is 
JjL. 
» v e 
e 
{5.55) 
we have 
TV - t£2a£. = J0 .7 fcarad* Å), (5.5§) 
6 
where rQ i s the FWHM of the 6 distribution. 
This means that having a given IV, r can be calculated using equation 
(5. 56). The f. can be obtained from the angular correlation curve for 
positrons and Ps in the organic liquid. The p-Ps normally annihilate 
through intrinsic annihilation and the FWHM of the narrow peak in the 
angular correlation spectrum will be roughly inversely proportional to the 
FWHM of the p-Ps z probabiEty distribution. The resolution of the apparatus 
(P ) will, of course, also contribute to the FWHM of the narrow component 
in the angular correlation curve. The measured FWHM ( r ) of the narrow 
peak from p-Ps is 
4 3 r a P + re2*re * C^.r^/2 ( 5 .5 7 ) 
Here it is assumed that the p -, the 6 distribution, and the apparatus 
resolution function can be approximated by Gaussians. 
From the F is is easy to obtain the radius within which 90% of the Ps 
is confined. This radius is called the bubble radius (RD). From a table of 
normal probabilities we have 
- 3 0 -
- 1 — I e*p(-&2Wt • 0-S for x - 1.645 
-x 
Recalling that | *(z> »2 » N? e*p*< - - i - ^ - s2) 
s f f 
(5.58) 
we have,by combining (5.58), (5.51) and (5. 36). 
Rt 
1,645 P, 
4 lug 
= 0,98« P . . 
z 
(5.59) 
This shows that B^ is very close to 1^. The bubble radii calculated 
using (5.53), (5. S6) and (5.48) air« presented in tabte 7.1. The harmonic 
potential was used in (5. 5t») and (5.5S>, because it was not possible to 
separate the wavefunction for the square m i l potential into three inde-
pendent wavefunctions. Consequently, it was not simple to calculate P f | 
for the square well potential. 
The belief that tile Ps is contained in a bubble in an organic liquid com-
plicates the reaction mechanism between Ps and electron acceptors, as 
shown by Goldanskii and Shantarovich in ref. 5. Here a very simple model 
is proposed in order to visualise what is believed to be the reaction mech-
anism in the bubble. The total Ps potential is illustrated on fig. 12. 
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Fig, 12. The combined electron acceptor, bubble potential for Pa in a 
liquid containing electron acceptor*. This potential ia uaed in (5.80) in 
calculating the Ps energy. The thickly drawn slope shows the bubble 
radius (R J^ lor which the Ps leaves the acceptor as a function of the 
acceptor potential depth, In the example used, Ug • 1 eV and a « 1.5 Å. 
Ref, 5. 
- si _ 
Here die depth of the potenttal weU in the liquid is UB and the radius 
of the bubble J^. Th«dapthotth«p««it i . lofthaae%a f twl .I lA M«ltt . 
radius of the acceptor is a. In such a potential, Shantarovich fouad the 
relation between R, the actual radius of tit« bubble, a, UA, Ufi and E the 
energy of Ps in this complex to be 
f 
R - a * mm 
VE 
ffEf - iVm • |Ej filf * f t ! . - l E f c o t ^ l ^ l a 
I n jjfniif.i' - in |---, mill IN * ifii t ' ' viaaftaaåay*'"'jmymrlf-----fm *iuB * |Ef f|E| • fcA-fifco#e|^|a 
(5.60) 
I" 
A crude description of the contents el tid« equation can be given as 
follows. | E | increase« with increasing a, and also increases with in-
creasing RB. Descrease of a can result in a decrease of | E f to such an 
M M M I . i . ^ ! • . _ . ( 1 , . » ! . . • * » 
such an increase in the Ps energy that the Ps leave« the comples. The 
critical radius (R.) for which the Ps can leave the acceptor was calculated 
5Y by Shantarovich to be ' 
R d s a + cAMcA»-i/ar tj* 
CB - | V m e U B . (5.SJ) 
An increase of l u j will result in an increase of JE|. 
Two typical Ps, electron acceptor reactions in an organic liquid will 
be described. The Ps diffuses around in a bubble until it reaches a strong 
acceptor. The Ps becomes attached to the acceptor by an energy E. Since 
the Ps is now chemically bound to the acceptor, it ceases to exert a 
pressure on the bubble walls and the bubble shrinks. During this shrinking 
| £ | decreases, but assuming \VA to be large enough, the Ps remains 
on the acceptor and annihilates with a characteristic annihilation rate X . 
In this case the bubble does not affect the reaction mechanism. If, however, 
(U, ( had been rather small, the Ps attachment to the acceptor could have 
taken place as in the previous case, but during the shrinkage of the bubble 
the Ps would have obtained a positive energy and left the acceptor. During 
the time that the Pa was on the acceptor, it would have an annihilation rate 
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of X. , and while the Ps i s in the bubble the annihilation rate would be X„. 
IB P 
Here much of the Ps which was attached to the acceptor would leave the 
acceptor again as Ps . The mechanism of being attached to the acceptor 
and then leaving it again and returning to the solvent must be incorporated 
into the kinetic equations. The parameter that determines what length of 
time the Ps remains on the acceptor i s the time that it takes for the bubble 
to shrink from its original radius Rg to the radius » „ where the Ps leaves 
the acceptor. This time will depend on RB-Rrt and the shrinkage velocity 
(vg) of the bubble. This velocity i s ' 
vs * Ti* * i$'m) 
where % i s the viscosity of the liqtud. For organic liquids this velocity 
win normally be in the interval 0.05 - J A/ps. Finally, tl* can be so 
small that the Ps cannot become attached to the acceptor and no quenching 
i s observed. 
The kinetic equations for the quenching of o-Ps will be presented both 
with and without the possibilities of Ps leaving the acceptor, at first for Ps 
complex formation in a stable complex. This equation can be obtained from 
equations (5.9} and (5.11) setting Y s x * X. * 0 
- J E . « - x P + X. P. : P (0) = 0 (5.641 
dt m m c t ' m' ' * ' 
Here 
S " K 2 S VXc 
P t = exp(- (X + Xc)t) (5. 65) P 
— lexD{-0. P m = T ^ f - X - < e*PHV + \m - cxP(-Xmt» . (5.66) 
m p c 
What we measure is: 
N<1>' - af (pm+pt> * hxm " P f - y ^ W V **N-<yyt) 
(5.67) 
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X -X"-X 
m 
m p 
m p c 
(5.68) 
Here it is interesting that for X ^ ttÉ l? is negative and l^ * L X * 0 
corresponding to [ A J = 0 giving normal pick-off annihilation of the o-Ps. 
As [A } increases, Xft increases; 1, increases towards infinity as 
k
c"~
 km " S>* A t ***• s * m e ****»• ^ f®*8 tow«"1* raSims infinity. The o-Ps 
lifetime spectra for some special cases are shown on fig. 13. 
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Fig. 13, Calculated o-Ps lifetime spectra. The spectra are calculated 
9 - I by using formula |5.67). The curves all have %. » k » 2.5 • I0 » . 
For the fully drawn curve, k2 » \ * \c • (0.25 + 0) • 10 • , 1, « 0% 
and I2 * 100%. For the dashed curve, k2 * 0.7& - tø* »"', 1, * - 28. 57 
and 1, * 128.57%. For the dotted curve. *2 * 2.45 - 109 s " \ 1, 
and I , « 4500%. 
% 
4400% 
The physical explanation of the spectra containing negative intensities 
is the following. At t • 0 all the o-Ps is in the solvent where it annihilates 
with X as time goes on more and more o-Ps forms a complex where it an-
nihilates with k ; k is often ten times as large as k. For small times this 
will give rise to an increase in the annihilation rate as the times increase. 
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After Bona* time, the total amount of Ps decreases to such an extent that 
the annihilation rate decreases due to tee decreased amount of Ps . 
set the amount of o-Ps formed equal to tee intensity of the longest-lived 
component. The original amount of o-Ps can he calculated if the intensity 
of the longest-lived component, >L . km and k^ are known. Normally the 
intensity, k and k is known from the analyzed spectra, t h e intensity 
i s given by the computer. V * T" where -i i s tee o-Ps lifetime in tee 
.1 P_l I» P pure solvent and V^  * t ' - t ' where T , i s tee o-Ps lifetime in tee c p» p p* 
solvent with quencher present. k is.however, practically always unknown. 
assuming this i s teat practically all lifetime spectra of organic solvents 
with quencher present can be fitted with only three lifetimes, and good fits 
(variance - 1) can be obtained. Here tee shortest lifetime i 1 i s believed 
to arise from p-Ps t , = V + k* k . The median lifetime t« i s believed 
be separated into two independent components. Finally, we have tee longest 
lifetime *„, which i s ascribed to o-Ps %Z • k • X - If * was very 
i t i *# §• c m 
different from T* , x* , or t « , it would cause poor fits, and a significant 
improvement of the fits when a three-lifetime fit was extended to a four-
lifetime fit. This improvement of tee fit i s not obtained normally. 
The next equations to be solved are those for o-Ps complex formation 
and splitting up of the complex due to bubble shrinkage. 
o P t 
•ar s -kP
pt - kcpt • N W ' - V <5-69> 
for t * t 
o 
d P m 
I T * *mpn + KcPt - X c k , p t ^ - y <5' 70> 
k» * exp(-X m t o ) . (5.71) 
t is the time it takes the bubble to shrink from R„ to R. (^"(Ro-R-J/v ) 
where the Ps leaves the acceptor. Equations (5,69) and (5,70) are equal to 
equations (5.63) and (5.64), except for the term ^ c*'P|(t-t0)' This term 
takes care of the Ps leaving the complex, k' * exp(-\ t) determines the 
fraction of the positrons which formed a complex t ago and which is still 
not annihilated from the complex state with K . After t all this Ps will 
r
 m o 
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again leave the complex due to bubble shrinkage. For tQ* 0, \&% •** 
\ k'P(t-to) cancel each other, which means that no quenching la observed. 
For t - co, k' - 0 and ( 5 3 9 ) and (5.76) are reduced to (5.63) and (5.64). 
As a trial solution i s used 
P t » A exp(- Xjt) + B exp(- Xgt) (5. 72) 
P = C ©xp(- X, t) + D exp(- \2t). (S. T3) 
Inserting (5.72) and (5.73) into (5. 69) and (5.70) gives the following 
equations for X. and X.„*. 
- ^ + Kp+ Kc - Xc k ' e x p t ^ y « 0 (5.74) 
(- X, U m } C + (-Kc + \ c k ' e x p ^ y j A « 0 (5.TO) 
<-X2 + Xm)D + (-Ke • Xc k'esp(X2t0))B * 0 . (5.77) 
In order to obtain two different solutions for k. and X~, B i s set equal 
to zero, giving 
(5.78) 
- X, + X + X„ - X k'exp(Xtt ) = 0 . (5.79) 
T p C C I O 
Here X,, * X corresponds to the solution from (5. 63) and (5. 64). In 
(5.79) X. is no longer a linear parameter and X. can only be found using 
numerical methods. Since the equation is differential, the solution to 
(5.79) can easily be found using the Newton iteration method. In this caa« 
X. corresponds to X + X for the quenching case without bubble effects. 
From the boundary conditions 
A + B * Pt(0); B * 0 A - Pf{0) - t (5.80) 
c + D
 *
 Pm ( 0> ; Pm t0> " ° C • -D (5.81) 
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(5.74) and f5.?S) give 
X . - X 
r
 m i 
i - ^ - . (5.82) 
We measure 
N(t) - - 3 f C P t + P m ) * I f * t exp(-X,t) + t2Xm expf-Krat) (5.83) 
where.from (5.72) and (5.73), 
m 1 
X -X. 
I = -C »^JL-^ . (5.85) 
m~ 1 
In order tolnd C, the two limits for X^  a re determined. 
For X^  * 0, X. * X . 
c ' l p 
Rewriting (5.74) gives 
-
K i + KP+ KC - xc «p«v\i.v* * {5*74) 
X. increases with increasing X and exp((X, - 1 1 ) 0 can be expanded 
tor small (X. -Xm) to , yielding 
-x, + x + x (1-1-x.t + x t ) » 0 . 1 p c ' l o m o ' 
In solving for X- we have 
X +X X t 
^ . ^
 + \ ™ ° - x m for Xc * . n . (5.86) 
c o 
From this it can be seen that 
^ r a ' V XP giving 
I. * T and goes toward oo for X, •» Xm , and 1 ° 1 m 
I , * 0 and goes toward - oo for X. •» X . 
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One must recall that when comparing o-Ps quenching with and without 
bubble effects both cases give an annihilation rate X. associated with an 
intensify going from zero to minus infinity. Both cases also give an an* 
nihilation rate going from X and upwards associated with an intensity going 
from t towards infinity. Although the "smallest" X for the bubble case is 
limited to * , and will always have a positive intensity, it can in principle, 
without bubble effects, go towards infinity and be associated with a negative 
intensify. 
Without bubble effects the X corresponding to * , would be (5.07} 
^ » X p + X c » X p * k [ A ] 15.87) 
from where the rate constant (k) could be found. 
X-X 
k vcr - r5*88) 
In order to see whether or not one will obtain a rate constant (k } 
r 
kr " -prf * (5*89) 
which in reality i s a constant in cases where bubble effects a re of importance, 
k has been found from X} in solving (5.79} for different t . Typical values 
of t will be front 4-80 ps, assuming typical shrinking radii from 6 to 2 A 
and shrinking velocities from 0.05-1 A/ps, The result for T, = X, and k 
is shown on figs. 14 and 15. Here it can be seen that, although the reaction 
mechanism and the kinetic equations differ with and without bubble effects, 
the solutions to these two kinds of equation resemble each other to a large 
extent. The effective rate constant with bubble effects seems to be a 
constant over a large concentration range. This means that making a single 
measurement on a quencher does not give direct information about whether 
or not bubble effects are of importance for the reaction. 
After a study of the kinetic equations, other phenomena of importance 
for the lifetime spectra will be discussed. The pick-off annihilation rate 
has been investigated. 
Levay and Hautojirvi ' proposed a model stating additivity of the 
pick-off annihilation probabilities in mixtures AB of two liquids A and B 
VAB XAB S XAVA " ( XAVA " K B V B , X B ' (5. 90) 
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where X is the pick-off annihilation rate, V the molar volume, and X the 
mole fraction. Later the same authors, together with Vertes , modified 
the model to 
The same formulas expressed in lifetimes T « K* and volume 
percentages a, b are 
*m - !©2 T A /C , 0° " h* b W " t5.»a) 
•^ = 10* yooo - b-»- b r y ^ ) 2 . ts.siai 
291 Also Tao ' proposed a simple model for the pick-off annihilation rate 
in liquids, stating 
K • »Y* {§.92} 
where Y is the surface tension and a,* are constants to be fitted. 
Results referring to (5.90} and (5.9)) will be presented and discussed 
in section 7, 
A topic of major importance for the Pa lifetime - and angular correlation 
spectra - concerns what sorte of reactions and parameters determine the 
Ps formation probability. 
Recently Mogensen published a new model of positroniura formation: 
the spur reaction model '. Positronium is assumed to be formed by a 
reaction between a spur electron and the positron in the positron spur. The 
positron spur is the group of reactive intermediates (the positron, electron*, 
positive ions, etc.) which is created when the positron loses the last amount 
of its kinetic energy. Ps formation must compete with electron-ion re-
combination, with any electron and positron reaction with solvent molecules 
and scavengers, and with electron or positron diffusion out of the spar. It 
is also influenced by electron and positron solvation and by other changes 
in the properties of the spur. The model indicates a correlation of the Ps 
formation probabilities and the properties of the electron spurs studied In 
30) 
radiation chemistry '. Some aspects of the spur model will be discussed 
in rather more detail in sec tin 8. 
Until very recently the only model of Ps formation used was the Ore 
311 
model ', or a modified version of it. In this model it i s assumed that 
during slowing down the positron may only form Ps in a certain energy 
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interval which i s roughly v * V n * £ * " ¥ . where V i s the ionization energy 
of the molecules and V (« 6.8 eV) is the ionization energy of P s . Below 
V-V a positron cannot pick-off an electron from the molecules to farm Ps 
for energy reasons. Above roughly V ionization of the molecules i s a s -
sumed to be more probable than Ps formation. The Ps atoms a r e then 
formed with kinetic energies © * E * V_, and they may undergo reactions 
before being thermalized * *. Compounds which can only react with "hot" 
P s will cause a reduction in 1-, thereby reducing the apparent P s formation 
probability P * 4 /3 JL if no Ps quenching takes place. I , i s the intensity of 
the longest-lived component. The Ore model with the addition of "hot" P s -
reactions has been the accepted model of Ps formation tor several yea r s . 
The parameters of the modified Ore model (thermalization c ross sections, 
ionization energies, e t c . ) a r e nearly always unknown. Hence, by • suitable 
choice of these parameters , this model can reproduce almost any Ps for-
mation probabilities measured. The author of the present work, however, 
favours the spur reaction model, which can be qualitatively or semi-quanti-
tatively tested by use of radiation chemistry data. 
Several of the measurements presented were performed on solutions 
containing charge-transfer <CT) complexes, and for this reason a short 
description of CT-complexes will be given. A CT-complex i s a complex 
between an electron acceptor (A) and an electron donor (D). An electron 
acceptor can be defined as an atom o r molecule with a positive electron 
affinity (EAJ 
EA « E(A) - E(A'), 15. m} 
where E(A), (E(A")J i s the total energy of the acceptor (negatively charged 
acceptor). An electron doner is a molecule with low ionization potential. 
The binding energy of a CT-complex a r i ses from a partial transferring 
of charge from the highest occupied mt.lecular orbital (HOMO) of the donor 
to the lowest empty molecular orbitf-i (LEMO) of the acceptor. The CT -
complex molecular orbitals (MO' a re often written as linear combinations 
of the unperturbed MO of the n.ceptor and the donor extended to include the 
MO of the negatively charge J acceptor and the positively charged donor. 
The donors and acceptors a re normally named according to the type »1 
MO donating or accep^ng the electrons. Increvalent donors a re lone-pair 
(n-) donors such a* amines, ethers and alcohols. Sacrificial donors a re 
compounds donat'.ig an electron from a bonding orbital. They include f -
donors, such as hydrocarbons, and « -donors, such as aromatic compounds. 
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Usually the « donors a r e weak donors, whereas the n- and n -donors can be 
ra the r good donors. Sacrificial acceptors can be of o- or n - type. Hydrogen 
halides a r e examples of e-acceptors and molecules containing double bonds 
close to electronegative substituents, e. g. halogens, ni tro or cyano groups, 
a re examples of " -acceptors . 
When an electron donor and an acceptor collide they can form a CT-
comples (AD), this complex can again split up in forming A and D. The 
complex formation velocity i s k. [A] [ D] and the disintegration velocity i s 
k 2 [AD] , where k . , k„ a r e r a t e constants. These two velocities a r e equal 
to each other in equilibrium 
[ A H D ] ^ • [AD]k2 
_JAp]_ . [AD] . k l . „ , -
 M . 
•pdtPT7P£ - tAD])Ul>0J - [ADJ) ' iq - K- (5-94) 
where K is the complexity constant, [AD] the CT complex concentration 
and [A J [ D ]) is the total acceptor (donor) molecule concentration, r e -
gardless of whether it is free or in a complex. Rewriting eq. (5. 94) we 
get for the complex concentration 
[AD] = 1 / 2 [ [ A J + [ D 0 ] + K - , - / ( [ A 0 J + [DQ j-HC"1 ) 2 - 4[ A j f D j j 
(5.95) 
and hence for the free acceptor concentration 
[ A ] = [AQ ] - [AD] . (5.96) 
If a CT complex and an acceptor a r e both present, the kinetic equations 
have to be modified. The o-Ps annihilation ra te 
X • k + k[A] 
P L J 
has to be extended to 
X • X + k [ A ] + k, [AD] (5.97) 
where k(k,) a re rate constants for the acceptor (CT-complex). 
1 0) In principle it should be possible from the spur reaction model ' to 
obtain a theoretical expression for the Ps yield as function of electron 
scavenger (acceptors and CT-complexes) concentration. The model predicts 
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that the presence of an electron scavenger decreases the Ps yield simply 
because some of the spur electrons, which would otherwise have contributed 
to the Ps formation, react with the scavenger. The concentration dependence 
of this scavenging process can principally be calculated by use of the dif-
fusion models of the positron spur. The problems involved in this are d i s -
cussed in some detail in ref. 37. The conclusion is that since there a re no 
well-established models for electron scavenging, no reliable expression 
for the Ps yield can be obtained, and only qualitative correlations between 
Ps yields and radiation chemistry results can be made. In order to roughly 
describe the Ps yield results by a few parameters, we choose (as in ref. 37) 
38) 
to use the formula proposed by Green and Bell ' for the Ps yield P , extended 
to include two inhibiting species 
P = Po/(1 + oiA] + o, [AD]), (5.98) 
where P is the yield in the pure solvent and a (o.) may be called the 
inhibition constant for the acceptor (CT complex). 
Combining eqs. (5.68) and (5. 98), we get for the relative intensity of 
the long-lived component 
I (X - X ) 
. o* m p'
 / c _„» 
1
 " <\n" V * c M 1 + ° l A ] + °1LADj> 
where I is the o-Ps intensity in the pure solvant. 
The model proposed by Green and Bell is based on the following a s -
sumptions. During and/or after slowing down the positron can undergo 
reactions. Some lead to Ps formation P p and some do not lead to Ps 
formation P .. In adding a compound [C], which decreases Ps formation 
(Ps inhibition), a new reaction is introduced that does not lead to Ps formation. 
The probability for this process P is assumed to be proportional to the 
concentration of C. The total Ps formation probability P is then 
P l 
Ps *ot 
where Q is a constant. This equation can be rewritten 
p =
 Pp s- € + «ie] ' 
p =
 T-rrreT • (5-,00) 
The optical spectra used to determine some CT-complex constants 
were fitted by 
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Abs = c l [ A ] + Sj 1 [ A D ] , (5.101) 
here Abs is the absorb ane e, 1 the length of the cell and «, « . the extinction 
coefficients for the acceptor and the complex. [ A] and [AD] are given by 
eqs. (5. 95) and (5. 96). The program used for fitting the optical data is 
described in more detail in appendix 1. References 39-4S give further 
information on CT-complexes. 
6. EXPERIMENTAL 
All samples for the angular correlation measurements, as well as for 
lifetime measurements, were degassed before the measurements were per-
formed. This was don« in order to remove the oxygen from the samples. 
Oxygen is an electron acceptor and reacts with P s . This causes a shortening 
of the Ps lifetime and a decrease of the intensity in the narrow peak in the 
angular correlation curves, due to p-Ps which becomes oxidized or forms a 
complex with the oxygen. 
For tetracyanoethylene (TCNE) and hexamethylbenzene (HMB) in dioxane, 
and 1 -pyridiniumpropanesulfonate-31 (PPS) in water the oxygen in the 
solvents was removed by bubbling Ar through the solvents. All other liquids 
were degassed by the freeze-thaw method and afterwards distilled in vacuum 
into an ampoule. For samples intended for lifetime measurements, the 
positron source was contained in this ampoule. During recording of the 
lifetime spectra, the source and the sample were kept in this airtight 
ampoule. The positron source was kept outside the sample ampoule for 
the angular correlation measurements. 
With the exception of pyrrolidine, all liquids were of puriss, p. a. and 
spectroc. grade. They were used without further purification. The pyrro-
lidine was of prac. grade. This liquid was distilled and only the median 
fraction, containing roughly 50% of the original volume, was used. 
The iodine was of puriss. p. a. grade and used without further puri-
fication. The TCNE was purified by sublimation, the HMB was of purum 
grade and used without further purification. Later, a Ps lifetime spectrum 
with recrystallized HMB gave the same results as one of the presented 
spectra. The tetracyanoquinodimethane (TCNQ) was recrystallized from 
CHgCN. An IR gas spectrum of the SO, showed no impurities and the 
trimethylamine (TMA) was distilled before use. 
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The concentrations in the solutions containing S 0 2 and TMA were 
determined by condensing the SO« or TMA in an ampoule containing a known 
amount of solvent. The amount of SO, o r TMA was determined by PV 
technique. The PV technique was also used to determine the concentration 
of S 0 2 and TMA in the solutions containing SO.,-TMA complex. 
The gas phase complexity constant between SOo and TMA was also 
determined by use of PV technique. To the knowledge of the author, this 
was the first t ime that this direct method was used to determine complexity 
constants. It is shortly discussed in appendix II. 
The oxygen concentration in n-heptane was determined by PV technique 
by degassing an oxygen saturated n-heptane solution. 
For the nitiobenzene and iodine in alkanes, and for CS„ in tetramethyl-
silane (TMS), neopentane, isooctane and tetradecane and 0 2 in n-heptane, 
all spectra were analyzed for three lifetimes and three intensities. The 
spectra were analyzed with the new and extended version of the program 
1 9) POSITRONFIT ' . The positron source was enclosed between two capton 
foils in which 8. 5% of the positrons annihilated. The lifetime spectra of 
the positrons annihilating in the foils is composed of two lifetimes of 0. 391 
ns with an intensity of 99. 6% and a lifetime of 4.032 n s wiih an intensity of 
0. 4%. This spectrum was calculated and subtracted from the original 
spectra before final analysis of the lifetime spectra. 
For CS9 in n-hexane and for pyrrolidine, dioxane, and triethylamine 
29 (TEA) in n-heptane, about 45/*Ci "NaCl deposited betweeri two Ni foils of 
3. 7 m g / c m i was used as the positron source. The spectra were analyzed 
1 9) 
with a new and extended version of the program POSITRONFIT ' for three 
lifetimes and intensities. 20% of the positrons annihilated in the Ni foils 
where 95% of them had a lifetime of 0. 2 ns and 5% had a lifetime of 2 n s . 
The spectrum of the positrons annihilating in the foils was calculated and 
subtracted from the original spectra before the final analysis. 
22 For the rest of the lifetime spectra presented, NaCl deposited between 
2 two Ni foils of approx. 4 mg/cm was used as the positron source. The 
spectra were analysed by the POSITRONFIT program ' fdr three lifetimes 
and intensities. Only for SO,, in n-heptane was a correction carried out for 
some of the positrons annihilating in the source. Here a ldng-lived tail with • 
a lifetime of 2.4 n s and an intensity of 0. 7% was removed before analysis 
of the spectra. In order to separate the median lifetime and the longest 
lifetime for SO„ in dioxane, the median lifetime was fixed at 500 ps. Hence 
only two lifetimes and three intensities were free in the final analysis. The 
500 ps was the average median lifetime when the same spectra were analyzed 
for three lifetimes and three intensities. 
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The angular correlation spectra of the pure liquids were analyzed with 
the program PAACFIT ' for three FWHM's and three intensities. 
7. RESULTS 
The results obtained from the PAT measurements a re presented in this 
section, and more detailed discussion of them is given in section 8. 
Fi rs t , we present some radii of the bubbles formed by Ps in different 
organic solvents. These radii are calculated from the surface tension of 
the liquids and from the FWHMs of the narrow component in the angular 
correlation curve. The narrow component is believed to ar ise from the 
intrinsic p-Ps annihilation. 
The next results to be presented a re the rate constants for the reaction 
between o-Ps and iodine in different alkanes and nitrobenzene in different 
alkanes. For iodine with a high EA ', no bubble effect is expected to be 
47) 
observed. However, for nitrobenzene with a low EA ' bubble effects a re 
believed to be of importance. 
The o-Ps intensity in some binary mixtures of organic solvents is then 
shown. Here proton scavenging in the positron spur and electron trapping 
in hydrogen-bonded clusters a re used to explain the observed o-Ps intensities. 
The o-Ps lifetimes in the binary mixtures a re correlated to the lifetimes 
predicted by the models of Levay and HautojSrvi, and Levay, Hautojårvi 
and Vertes. The inhibition caused by CS, in different alkanes and TMS 
is correlated to the energy, V , of the electron in the alkanes. 
Finally a ser ies of measurements on electron acceptors and CT-com-
plexes in different solvents is presented. Here the o-Ps lifetime is used 
in order to obtain the CT-complexity constant. By use of the spur reaction 
model the intensity of the long-lived component is used to obtain informa-
tion on the electron trapping probability and mechanism of electron reactions 
with acceptors in different solvents. 
The bubble radii of the Ps bubble in the different organic solvents are 
shown in table 7 . ! . Notice the decrease in bubble radii from pentane to 
heptane. This decrease is obtained irrespective of whether the radii are 
calculated by use of the surface tension o, or the FWHMs. With the exception 
of the CS2 results , the average value of ^ ru/R-u) = 1 • ^ ^> yielding a maxi-
mum deviation from the average of 3. 3%. The maximum deviation from the 
average of the bubble radii (r, ) is 7. 0%. 
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Table 7,1 
The bobble radii 1^ calculated by use of the FWHM (rm) of the narrow 
component in the angular correlation distribution. R^ is obtained from 
rm by use of formulae (5.56). (5.57), and (5.59). The bubble radii rb 
are calculated by use of the surface tension • of the liquids using for-
mulae {$. 48) 
Tm(mrad) tområd) \ ( Å ) rb(Å) eCdyn/cm) r ^ I ^ 
n-pentane 
n-hexane 
n-heptane 
benzene 
o-xylene 
cs2 
diethylether 
TMS 
2.53 
2.54 
2 .60 
2 .80 
2 .75 
2 .45 
2.57 
2.53 
2.25 
2.26 
2.33 
2.55 
2.49 
2.16 
2.30 
2.25 
4 .70 
4 .68 
4.54 
4. J 5 
4 .25 
4 .89 
4 .60 
4 .70 
6 .22 
6 .00 
5.86 
5.37 
5.31 
5 .22 
6 .13 
16 .0 
18.42 
20.31 
28. e>8 
30.10 
32 .3 
16.96 
1.32 
1.28 
1.29 
1.29 
1.25 
1.06 
1.33 
The rate constants between o-Ps and iodine, and o-Ps and nitrobenzene 
are presented in table 7. 2. 
Table 7. 2 
The bubble shrinkage velocity (v ) in the different alkanes plus the rate 
constant(k) between iodine and o-Ps, and between nitrobenzene and o-Ps 
in thr different alkanes. For weak electron acceptors (e.g. nitrobenzene), 
high vs should according to the bubble shrinkage model result in low rate 
constants. For strong electron acceptors the rate constant should be 
independent of v 
v s * 7n k toT *2 * f o r n i t r o b e n z e n e 
o(dyn/cm) r,(g/Cm a) „ ID - I -1 1 0 - 1 - 1 
(A/ps) (10 M ' s ' ) ( 1 0 1 U M ' s ' ) 
n-pentane 16.0 0.00227 0.352 
n-heptane 20.31 0.004163 0.244 
n-dodecane 25.42 0.0149 0.085 
0.1 t , 
6.3 t 0.5 
2. 9 * 0.3 
0.037 to. 003 
0.31 to . 03 
1.1 to . 1 
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For iodine with an EA of 1.8 eV no bubble effects are expected and k 
decreases in going from pentane to dodeeane. For nitrobenzene witi* an 
EA of 0. 5 eV. bubble effects are expected and k increases i s going from 
pentane to dodecane. Both for iodine and nitrobenzene in the alkanes, the 
intensity of the long-lived component decreases as the concentration of the 
two compounds increases. It was not possible to reasonably fit the in-
tensities of the long lifetime to (5.99) so no inhibition cross sections are 
presented. Tao measured rate constants between o-Ps and iodine in 
alkanes48*. In the same paper he also presents inhibition cross sections 
for iodine in alkanes. The rate constants determined by Tao were practi-
cally identical to the rate constants determined here, whereas Ms intensities 
of the long-lived component were rather different from the intensities deter-
mined in this work. 
The following results concern binary mixtures of organic solvents. 
Here proton scavenging in the positron spur i s expected to enhance Ps 
formation due to inhibition of electron-proton recombination. 
The measured long lifetime intensities for the proton-scavenging cases 
are shown in fig. 16. In the dioxane-n-heptane mixtures the Ps yield 
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Fig. I 6. The intensities of the long-lived component versus the volume 
fraction of a) dioxane in n-heptane (o), b) triethylamine in n-heptane (0), 
and c) pyrrolidine in n-heptane P ) . The curves are the best fit to the 
experimental points. 
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increases with increasing amounts of dioxane and i s almost constant for 
dioxane concentrations higher than 25 vol. %. Also in the TEA-n-heptane 
mixture the Ps yield increases with increasing amounts of TEA until 25 
vol . %» At higher concentrations, the intensity decreases to the intensity in 
pure TEA. For the pyrrolidine-n-heptane mixture, the Ps yield increases 
for increasing pyrrolidine concentration, but already from I vol. % 
pyrrolidine the intensity decreases rapidly towards the yield in pyrrolidine. 
The o-Ps lifetimes calculated using the model no. (5.91 a) are shown 
on fig. 1 7. 
1—i—r—i—|—i—i—i—|—r~-y—r—J—I—I—I | I i—i—f 
0 0.2 0.4 0.6 0.8 1.0 
VOLUME FRACTION 
r ig . ( 7 . The lifetime of the luii^-liveii c«>.,ip«»nerit versus the volume 
fraction of a) tnethylamitx- in n-heptane |D), b) dioxane in n-heptane {r ) , 
c) pyrrolidine in n-heptane K ) , a«d <*) caroyntiisulphide in n-hexane {,->). 
The curves show the lifetimes calculated t»y use >»f model (». 91a) in the 
text and the lifetimes in the pure liquids. 
Since the surface tension of the mixtures was unknown, r>o comparison 
was possible between the measured lifetimes and the model proposed by 
Tao (5. 92). Of the models in refs. 27 and 28, no. (5. 91) fitted the measured 
lifetimes better than no. (5, 90). In the pyrrolidine-n-heptane mixtures the 
fit was good for both models (5. 90) and (5, 91), for the CS2-n-hexane and 
dioxane-n-heptane mixtures model (5. 91) was best, and for the TEA-
n-heptane mixtures the two models gave practically the same results . 
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The shortest lifetimes, the median lifetimes, and their respective 
relative intensities are not presented. When three or more lifetimes are 
present in the spectrum, it i s . in our experience, often difficult to obtain 
reliable absolute values for the two shortest lifetimes and their intensities. 
The unreliability of the shortest lifetimes is even more pronounced when 
large source corrections involving short lifetimes are to be performed. 
The problems involved in this are discussed in some detail in 37). 
The results for CS~ in the alkanes and TMS are shown on fig. 18. 
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Fig. 18. The intensities of the lung-lived component versus the volume 
fraction of CS2 in various alkanes and TMS. The curves are drawn to 
give a best visual fit to the experimental points. 
The energy difference between the electron in vacuum and the electron 
in the liquid is presented in table 7.3 
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Table 7.3 
VQ for different aikanes and TMS. V i s the energy difference between en 
electron in vacuum and the electron in the solvent. Negative V means 
energy i s gained in bringing the electron from vacuum into the so lvent 5 ' ) 
n-tetradecane n-hexane isooctane neopentane TMS 
V0(eV> 0.21 49) n50) - 0.26 .50) 0.38 ,«> 0.51 50) 
where negative V means that energy is gained in bringing the electron from 
52V 
vacuum into the liquid. In vacuum, CS, has an EA of 0. 98 eV ' . When CS„ 
is in a liquid in which it is a deep electron t rap (n-tetradecane) the minima 
in the o-Ps yield a re deep and narrow. In a liquid where the CS, trap is 
less deep (neopentane), the minima in the Ps yield a re less deep and less 
well defined. No minima a re observed in TMS. 
For the other electron acceptors the long o-Ps lifetimes, or their 
inverse, the decay rates , are shown in figs. 19-21, 26, 28, 29 for the 
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CONCENTRATION (M ) 
0.020 
r i g . 19. The decay r a t e of the long-lived component ve rsus the concen-
traUon of SO., for t :J SO,:TMA in n-heptane. The dashed line corresponds 
to the decay rate if all the SO- was free (complexity constant K « 0 M ). 
The full line cor responds to K * 2000 M and the dashed-dotted line 
cor responds to K « 2550 M . 
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various solutions. Only the lifetimes for SOz in dioxane and n-heptane, and 
for TCNQ in tetrahydrofurane (THF), are not shown since they follow the 
relation (5. 97) (with (AD) * 0) very closely, quite like the other case where 
no complex is present (TCNE in dioxane, fig. 21). The quenching constants 
(k), and X , were determined for each set of measurements with only ac-
ceptor present by a. least squares fit of eq. (5. 8?) to the measured lifetimes. 
The values are given in tables ?. 2 and 7. 4. The lifetime results of 
Table 7.4 
Main parameters extracted from the measurements. The upper values of o or «j are for t * 0. 3 ns , 
the lower ones in parentheses are for x • 0.5 ns. The uncertainties on t and 10 were estimated by 
computer, while those on k, k,, a, and o( are visual estimates. The parameters in the table (for %m * 
0.3 ns) were used in eqs. (5.87) and (5.99) to draw the curves in figs. 19-23 and 25, 26. Different Iø 
values for dioxane and n-heptane are results of different positron absorption in different sources. 
Solution 
SO. in dioxane 
SO, in n-heptane 
S0 2 -TMA in n-heptane 
TCNQ in THK 
TCNQ-HMB in THF 
TCNE in dioxane 
TCNE-IIMB in dioxane 
PPS in water 
k o r k. 
(10 M s ) 
1.5 t 0.1 
3.7 t 0.2 
smal l 
3.4 t 0 .2 
small 
1.6 t o.l 
smal l 
0.006 t o. 001 
o or «L 
<M-') 
5 - 4 0 
(10 - 70) 
0 
( 1 7 - 3 ) 
1 5 t 3 
(15 t 3) 
2 0 - 5 
(35 t 5) 
150 t 50 
(150 - 50) 
+ 
2 0 - 3 
(27 * 3) 
-
5.85 - .1 
(5.85 t . 1 ) 
( 1 0 " 9 s ) 
2. 99 * . 02 
3.80 t . 03 
3.80 - . 0 3 
3.03 t , 03 
3.03 t . 03 
2, 99 * . 02 
2 . 9 9 ? .02 
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measurements on solutions also containing CT complexes were likewise 
analyzed by a least squares fitting of eq. (5. 9?) with [ A 3 and [ ADj from eqs. 
(5. 96) and (5.95). k was known from pure acceptor solutions and k. and K 
were fitting parameters . It appeared that both for TCNQ-HMB and SCK-
TMA the best fit was obtained for very small K and k. large and negative. 
This, however, is unphysical unless one claims that the pick-off annihilation 
rate from the complex molecules is much less than that from the solvent, 
and that the comples replaces an unreasonable amount of solvent molecules. 
A value of kj in the order of 10 -10 M~ sec" or less would not be detect-
able since it would be too close to that of the solvent. So for the sake of 
simplicity k. was set equal to zero and K was determined to give the best 
visual fit of eq. (5. 97) to the data. The values obtained in this way for K 
are shown in table 7.4, and they were used for the full curves in figs. 19 
and 20. In fig. 1 9 the dashed-dotted curve shows the expected resul ts for 
-1 53) 
K = 2550 M as determined optically ' . It compares reasonably with our 
results of K = 2000 M _ 1 . For TCNQ-HMB in THF, we optically determined 
K to be 3. 8 M~ . The optical spectra, however, were unstable, probably 
because the oxygen dissolved in the THF took part in a decomposition of 
TCNQ, The lifetime resul ts , obtained on degassed samples, gave repro-
ducible results and K = 1.5 M"? (fit;. 20). 
The rate constants for the free acceptors in the solvents with donor 
properties (THF and dioxane) are probably higher than noted in table 7.4, 
since in these solutions a certain fraction of the acceptors is bound to the 
solvent molecules. In this bound state the acceptor probably has a smaller 
reactivity, since the addition of electron donors to the solutions and the 
formation of CT complexes increases the o-Ps lifetime. 
Quenching by PPS in water (fig. 26, table 7.4) is so weak that it may be 
ascribed to changes in the liquid structure at high PPS concentrations. 
The results obtained fur the relative intensity of the long-lived com-
ponent for the various solutions are shown in figs. 21-27. It was possible 
to fit the concentration dependence of the relative intensity for all solutions 
by eq, (5. 99), except for SO„ in dioxane (fig, 24), oxygen in n-heptane 
(fig. 27) and maybe TCNQ-HMB in THF (fig. 25). In each case the procedure 
was first to determine o from the results for solutions with only an acceptor 
present ((AD) = 0 in eq. (5. 99)). For the equivalent solution additionally con-
taining CT complex this value of o was used in eq. (5. 99) and o . determined. 
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Fig. 20. The decay rate of the long-lived component versus the concen-
tration of TCNQ for 1 :l 0 TCNQ:HMB in THF. The dashed Une corresponds 
to the complexity constant K » 0 M~ and the full line corresponds to K« f. 5 M" . 
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Fig. 21. The intensity (squares), and the lifetime (circles) of the long-
Lived component versus the concentration of TCNE in dinxane (open squares 
and circles). Black squares and circles correspond to tiMB added in a 
concentration 10 times that of TCNE, The curves are drawn in accordance 
with formulae (5.97) and (5. 99) in the text and the constants in table 7.4. 
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•f S O , in n-hepune. The curves a r e drawn according to formula ( 3 .99) 
*:uL the constants m table ? . 4 . The dashed Urn correspond« to x * 0.4 as. 
and the full Line to t =0 .3 ns. Both curves are for • • 0 M m 
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Fig. 24. The intensity of the long-lived component versus the concentration 
of SO« i" dioxane. The curve is drawn to give the best visual fit and cannot 
be fitted according to formula (5. 99). 
10'3 10"2 
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Fig. 25. The intensity of the long-livert component versus the concentration 
of TCNQ m THF (circles). Squares correspond to the same curve but with 
HMB present in a concentration 10 times that of TCNQ. The curves are 
drawn according to formula (5, 99) and the constants in table 7.4. 
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The value of \ was calculated from eq. (5. 87) and the long lifetime. The 
c
 _j 
lifetime in the Ps-acceptor bound state, X , is expected to be in the 
region of 0. 3-0. 5 ns, and to estimate its influence on the results, o and a. 
were determined for both X = 0. 3 and 0. 5 ns . The values given in table 
7.4 are those which gave the best visual fits of eq. (5. 99) to the data. The 
upper ones are for X. = 0. 3 nsec, and the lower ones in brackets for 
- 1 m 
X = 0 . 5 nsec. The full curve., in figs. 21-23 and 25-26 were drawn 
m
 -1 
from eq. (5. 99) with the parameters for X. = 0 . 3 nsec. While the o »s 
are rather sensitive to X. , the a ' s for CT complexes a re not, as seen 
in table 7.4. To fit the results for S0 9 in dioxane (fig. 24) to eq. (5. 99), 
-1 -1 -1 
a had to vary from 5 to 40 M (X = 0. 3 nsec), or from 1 0 to 70 M 
(X " = 0. 5 nsec), as indicated in table 7.4. Hence, although the simple 
expression for the Ps yield fits the data very well in some cases (fig. 26), 
it completely fails to do so in others (fig. 24). 
With O^ in n-heptane as an exception, the relative intensity of the long-
lived component in pure solvents, I (table 7.4), is not that of o-Ps . This 
is because the lifetime spectra were not corrected for absorption of posi-
trons in the Ni foils surrounding the source. These foils give r ise to a 
short-lived ( v 0 . 2 nsec) component of intensity 20-35fo (depending upon the 
source used). It should be mentioned that the same source was used for 
each set of measurements. 
To determine the complexity constants by optical methods, data from 
absorption measurements were fitted by the least squares method to eq. 
(5.1 01), the complexity constant K and extinction coefficient c and E. being 
fitting parameters. The values for e were checked by comparison with 
values measured on the pure acceptor in the solvent. For the TCNQ-HMB 
complex in THF, we obtained K = 3. 8 M~ . However, as mentioned above, 
this complex was unstable during the recording of the optical spectra, and 
the result must be regarded with some reservation. For TCNE-HMB in 
- 3 -'> -1 
dioxane, K was very small, of the order of 10 - 10 M . The absorption 
band appeared with a maximum at 520 nm. The maxima for the SO,,-dioxane 
and TCNE-dioxane CT bands were at 240 and 350 nm, respectively. 
To further investigate some of the implications of the interpretation of 
positron lifetime results (see next section), negative ion mass spectra of 
S0 0 and the SO^-TMA complex were recorded. When SO„ alone was meas-
ured, a SCO signal corresponding to ca. 0.4% of the total negative ion yield 
was observed. This signal can be ascribed to 60 ppm SOo which is known to 
form SOl + O under these circumstances. However, when the SO„-TMA 
complex was measured an SO" vield corresponding to ca. 3% of the total 
negative ion yield was observed. Further work in this field is in progress 
in our laboratory. 
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Fig. 26. The intensity (squares) and lifetime (circles) of the long-lived 
component versus the PPS concentration in water. The curve is drawn 
according to formula (5. 99) and the constants in table 7.4. 
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Fig. 27. The intensity of the long-lived component versus the oxygen 
pressure over n-heptane. For all the spectra, equilibrium between O, 
in n-heptane and O, above the n-heptane was established before the spectra 
were recorded. The intensities could not be fitted with (5. 99) and the 
dashed curves are drawn to give a best visual fit. 
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8. DISCUSSION 
It is, of course, incorrect to calculate Ps bubble radii by use of square 
well potentials with infinite high walls. Nevertheless the model can give 
some quantitative ideas about the sizes of the bubbles in which the Ps i s 
trapped, assuming that Ps is trapped in a bubble. There a re also several 
objections to using the narrowest component in a three Gaussian fit of the 
angular correlation curve as a measure of the momentum distribution of 
p-Ps in the liquid. There is no reason for a priori assuming that the p -Ps 
momentum distribution, as it is measured, can be well approximated with 
a single Gaussian. 
With CS9 as an exception, the intensity of the narrow component in the 
three Gaussian fit of the angular correlation curve was slightly more than 
one-third of the o-Ps intensity found from the lifetime measurements. For 
CS0 the intensity of the narrow component (8. 5%) was substantially less than 
one-third of the o-Ps intensity (44%) found from lifetime measurements. 
This indicates that the narrow component for the CS2 does not represent the 
p-Ps momentum distribution in the same way as is the case for the other 
liquids presented. 
If one assumes that the Ps is contained in a bubble in the liquids, the 
two methods mentioned for estimating the bubble radii seem reasonable. It 
is interesting that the average or effective bubble radii determined by the 
two methods do not differ significantly from each other. 
In order to determine whether the bubble has any effect on the reactions 
between Ps and electron acceptors, Goldanskii et al . determined the rate 
constant between o-Ps and nitrobenzene in octanol as a function of tempera-
54) o 
ture ' . As the temperature increased from room temperature to 70-75 C, 
the reaction rate between nitrobenzene and o-Ps increased due increased 
mobility of the two components with increasing temperature. When the 
temperature was increased above 70-75°, the reaction rate decreased. This 
was explained as being due to the increased shrinking velocity v s w- of 
the Ps bubble as a result of changes of a and r\. At higher temperatures, 
the bubble shrank very fast and the time that the Ps spent in the complex 
decreased. These results indicate that Ps does form a complex with nitro-
benzene. Ps oxidation could not explain the maximum in the reaction rate . 
It could, however, be argued that the decrease in the reaction rate was not 
due to rapid bubble shrinkage but a result of decreased complexity constant 
with increased temperature. 
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Therefore another ser ies of experiments was planned in order to 
evaluate whether bubble effects play any role for the reaction mechanism 
between o-Ps and electron acceptors. This time a strong acceptor (iodine) 
and a weak acceptor (nitrobenzene) were used in different alkanes all having 
the same temperature. The solvent effects on the complexity constant a re 
assumed to be the same for both the iodine-Ps and the nitrobenzene-Ps 
complex. This means that if the complexity constants for the iodine-Ps 
complex decrease in going from pentane to heptane as solvent, the same 
effect is expected for the nitrobenzene-Ps complex. As shown on table 
7. 2, this is not the case. For the iodine-Ps reaction the effective rate 
constant decreased by a factor of 0.62 in going from pentane to heptane. 
For the nitrobenzene-Ps reaction the effective ra te constant increases by 
a factor of 8.4 in going from pentane to heptane. This is just what should 
be expected according to the bubble reaction model. 
According to the bubble model, the rate constant should really be a 
constant over a wide concentration range. From figs. 28 and 29 it can be 
seen that the ra te constant for nitrobenzene-Ps, where bubble effects are 
important, seems at least as constant as the ra te constant for iodine-Ps 
where no bubble effects are expected to be important. The much smaller 
rate constant between o-Ps and nitrobenzene, compared to the rate constant 
between iodine and o-Ps, can be explained as follows. When the o-Ps is in 
8 -1 the heptane its pick-off annihilation rate is 2. 8 • 10 sec" , when the o-Ps 
is trapped on an acceptor the annihilation rate goes up by a factor of 'vlO. 
When o-Ps is trapped on an iodine molecule (high EA) the Ps bubble shrinks. 
This shrinking does not affect the iodine-Ps complex. When the o-Ps is 
instead trapped on nitrobenzene (low EA), the bubble shrinking will cause a 
splitting up of the complex and the o-Ps will again be back in the solvent 
where it has a low annihilation rate. So when the acceptor is nitrobenzene 
the o-Ps will only spend a relatively short time in the complex, where the 
annihilation rate is high, and a comparatively longer time in the solvent, 
where the annihilation rate is low. 
The bubble shrinking is also believed to influence t h e o - P s - 0 2 reaction 
in n-heptane, whereas the o - P s - S 0 2 reaction in n-heptane seems not to be 
influenced by the bubble shrinking. 
The electron affinity of S0 2 is 1. 097 eV \ The electron affinity of Oz 
is 0.44 eV ' . For SO„ in n-heptane the intensities of the long lifetimes 
can be fitted by (5. 99), whereas for O, in n-heptane the intensities of the 
long lifetime cannot be fitted with meaningful values by (5. 99). This indicates 
that bubble effects play an important role for the reaction between 0„ and 
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Fig. 28. The decay rate of o-Ps versus the concentration of iodine in 
n-heptane. The slope of the curve gives the effective rate constant. 
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Fig. 29. The decay rate of o-Ps versus the concentration of nitrobenzen^ 
in n-heptane. The slope of the curve gives the effective rate constant. 
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o-Ps , whereas they seem to have no influence on the o-Ps-SO, reactions. 
The rate constants between o-Ps and 0„ , SO,, iodine and nitrobenzene in 
n-heptane a re 0.74 • 10 1 0 M - 1 s"1 , 3 . 7 - 1o ' ° M - 1 s " ' , 6 . 3 - 10 1 0 M' 1 
s~ and 0.31 * 10 M~ s" respectively. The rather low reaction constant 
for O« compared to S 0 2 and iodine indicates again that bubble effects a re of 
importance for oxygen quenching, just as it is observed for the quenching 
of o-Ps by nitrobenzene. 
Next some spur processes for binary mixtures of dioxane, TEA and 
pyrrolidine in n-heptane a re discussed on the background of the spur reaction 
model. From the spur reaction model it is predicted that the addition of 
proton scavengers to alkanes should enhance the Ps yield due to reduced 
electron-proton recombination and consequently more free electrons for 
Ps formation. Here only spur processes of importance for the interpretation 
of our data will be discussed in detail. The spur processes that a re believed 
to be responsible for Ps formation have not been thoroughly investigated yet. 
Hence, only a qualitative or semiquantitative discussion of the data can be 
given. 
When a positron is stopped in n-heptane the most important primary 
ionization products are expected to be similar to those produced by the 
stopping of epithermal electrons by hydrocarbons 
e+ + C ? H ] 6 - C ? H* 5 + H+ + e+ + 2e" . (8.1) 
In the presence of molecules with high proton affinity (PA), such as 
ammonia (PA = 9. 5 eV), the following reactions can occur ' ': 
H+ + NH3 - KH4+ (8. 2) 
C ? H 1 5 + + N H 3 - C 7 H H + NH* . (8.3) 
+ - + 
Reactions (8. 2) and (8. 3) will compete with e , H and e , C7H. 5 
recombinations, thereby making more free electrons available for Ps 
formation. This means that when molecules with high PA are added to 
alkanes, the Ps yield will increase unless other processes interfere. 
The first molecule for which this reaction was found was dioxane. 
The proton affinity of dioxane will be close to that of C.,H,.OH ', which is 
5g\ * ° 
8.4 eV. For water, the PA is 7. 3 eV ' . Hence, replacing R. and R2 in 
R. - 0 - R 2 from hydrogen by a more electron-donating group, such as 
CH2-CH2 , seems to increase the PA. 
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As the dioxane concentration increases the amount of free H and 
C~H. - will decrease. Consequently the electron concentration will increase, 
and the yield of Ps will increase. Since dioxane predominantly exists in its 
trans farm withnodipole but only a quadrupole moment, i ts electron or 
positron solvating properties a re belived to be small . 
Another molecule with a high PA but with a dipole moment different 
from zero is TEA. TEA will have a PA close to that of trimethylamine. 
which is 9. 2 eV '. Hence, also TEA is expected to increase the Ps yield 
owing to scavenging of 11 in the positron spur. This increase in the Ps 
yield was observed for concentrations of TEA in n-heptane up to 25 vol. %. 
As shown in fig. 1 6 the Ps yield decreases for TEA concentrations higher 
than 25 vol. %. The explanation of this is believed to be found in the electron-
and positron-solvating properties of TEA due to i ts polar structure (see below). 
Pyrrolidine is another molecule with a high PA and a dipole moment 
different from zero. The PA for pyrrolidine will be close to 9. 3 eV, as it 
is for piperidine . In addition, pyrrolidine contains an NH group which 
enables it to form hydrogen-bonded clusters s imilar to those formed by 
,-ilcohois in alkanes 
The increase in Ps yield resulting from adding small amounts of pyrro-
iine to the n-heptane is believed to be due to proton scavenging. At pyrro-
lidine concentrations higher than 1 vol. %, pyrrolidine is believed to form 
clusters which trap electrons to such an extent that the Ps yield decreases . 
lUeasurements performed by Kemp et al. indicate that such clusters 
do trap electrons. Beck and Thomas ' have shown that adding ethanol to 
n-hexane decreases the mobility of the electrons greatly. The authors have 
suggested that this decrease in mobility is due to trapping of electrons in 
64) 
alcohol clusters. Recently Brandon and Firestone measured the optical 
spectrum of electrons solvated in ethanol clusters in various alkanes. The 
spectrum appears for ethanol concentrations of 1 -2 molfo. This agrees 
very well with the pyrrolidine concentration at which the Ps yield in the 
pyrrolidine n-heptane mixture s tar ts to decrease. In the same article (64) 
it is also shown that amines (ethylenediamine) solvate electrons. 
Hence, we expect the Ps yield to decrease on account of electron and 
positron trapping in the pyrrolidine clusters . The mobilities of the electrons 
und the positron are greatly decreased on trapping. Also the Coulomb 
forces are decreased owing to dielectric shielding. Hence, the electron-
positive ion recombination processes and the out-diffusion of the particles 
from the spur will increase in importance compared with Ps formation, i . e . 
the Ps yield will decrease. This is in agreement with the fact that the Ps 
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yield is roughly a factor of two lower in water and alcohols than it i s in 
hydrocarbons. In ref. 27 dioxane-water mixtures were investigated. The 
intensity of o-Ps decreased rapidly when water was added to dioxane. Only 
1 G% of water decreased the Ps yield down to about its value in water. 
Roughly this value was also found at higher concentrations. This result i s 
very similar to the pyrrolidine results above 1 vol. %, and is interpreted 
in the same way as being due to the effect of trapping of the electrons and 
the positron in water clusters in dioxane. 
It is not yet known whether Ps formation in polar liquids occurs with 
a) mainly unsolvated (dry) electrons, b) mainly solvated electrons, or c) 
with both unsolvated and solvated electrons. Obviously, this depends on 
whether the Ps formation time is a) shorter than, b) longer than, o r c) 
comparable with the electron solvation time. It must be realized that the 
solvation time measured by light absorption " ' need not be the time 
which is of importance for Ps formation, where even a small degree of 
electron localization seems to influence the Ps yield. These problems 
have recently been discussed by Byakov et al. ' . Recent experiments 
indicate strongly (ref. 37) that at least in water the Ps is mainly formed 
with dry electrons. Fast spur reactions with dry- and solvated electrons 
are discussed in some detail in refs. 68 and 69. 
The great differences in particle solvation influence on the Ps yield 
when the solute is changed from dioxane (only quadrupole moment) to TEA 
' (dipole moment) and further to pyrrolidine and water (dipole moments and 
hydrogen bonds) show that Ps formation measurements may give useful 
information on the properties (clustering, etc. ) of liquid mixtures. 
The binary mixtures of alkanes, TMS and CS2 differ in many respects 
from the binary mixtures just mentioned. 
70) By use of pulse radiolysis, Simonsen found that CS„ traps free 
electrons in n-hexane. The assumed CS„" ions, or perhaps the C-S- ' i ons , 
are correlated to an absorption band at 257 nm. Owing to the strong ab-
sorption from the free CS„ at this wavelength it has not been possmle to 
see the line from CS2" at higher concentrations than 5 vol. % CS2 in n-hexane. 
According to the spur model, trapping of electrons normally causes a 
decrease in the Ps yield. This was also observed and is shown on fig. 1 8, 
but at CS„ concentrations liigher than 5 vol. % the Ps yield increases. With 
increased [CS,, ] the average distance between two CSg molecules decreases . 
This means that the tunelling probability between two neighbouring CS2 
molecules increases, and the result of this will be an increase in the 
electron mobility. 
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As mentioned in ref. 10, liquids with the highest electron mobilities 
(e.g. neopentane and other more spherical hydrocarbons) give higher Ps 
yields than liquids with lower electron mobilities (e.g. n-pentane and linear 
hydrocarbons). We therefore expect the Ps yield to increase again as shown 
in fig. 1 8. Generally speaking, a rather localized, slowly moving electron 
seems to be less effective in forming Ps with the positron, in competition 
with other processes, than a more delocalized, faster moving electron, at 
least for electron mobilities that are typical of hydrocarbons. Of course, 
the positron can pick off the electron from CS9 as its electron affinity is 
6. 8 eV compared with 0. 98 eV for CS,,. As mentioned in ref. 1, the mobility 
of free electrons the first few ps after their creation is expected to be rather 
high in pure CS,7. This mobility does not seem to have been measured yet. 
When n-hexane is exchanged with a solvent with higher V the trap on 
the CS„ molecules becomes deeper. This could mean a higher trapping 
probability and a deeper minima in the Ps yield, as observed. If liquids 
with lower V than that of n-hexane are used, the CS9 trap is lees deep. 
This would mean lower trapping probability and the minima in the Ps yield 
could be less deep and less well defined, as observed of neopentane and 
isooctane (see fig. ) 6). If, e .g . , TMS with a very low V is used, it seems 
that the CS,, trap is so shallow that it is unable to trap electrons, and no 
minima is observed in the Ps yield as more and more CS,, is added to the 
TMS solution. For the moment it is not possible for the author to explain 
the maxima on the neopentane-CS9- and isooctane-CS9 curve. 
A minimum in the Ps yield, similar to that shown in fig. 1 8, was found 
at around 50% mixing ratio for mixtures of acetic acid and acetone by 
Goldanskii et al. ' in a mixture of acetic acid and acetone. These authors 
explain their results in terms of the Ore gap model. Curves which exhibit 
minima, as well as curves exhibiting maxima, can easily be obtained in 
terms of the Ore gap model. In binary mixtures a certain curve can be ob-
tained by choosing suitable values for the cross sections for inelastic 
scattering of positrons on one type of molecule in the Ore gap of the otner 
type of molecule. 
From the point of view of the spur model thi.s system is rather com-
plicated. The spur electrons add to the acetone molecules as in the CS., 
case, they react with the acetic acid molecules, and less strongly with the 
acetate ions * , Further the negative acetone ions can be protonated by 
30) 
acetic acid molecules, similar to the protonation by the water molecules ' . 
The liquids are polar and hence solvation is also of importance. Apparently 
it is difficult within the presently available knowledge of spurs to interpret 
these data unambiguously in terms of the spur reaction model. 
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Final ly, we s h a l l d i s c u s s the reac t ions between e l e c t r o n s , P s and 
e lec t ron a c c e p t o r s . 
Since P s has a very low ionization potential (6. 8 eV), i t i s expected to 
be a good e lec t ron donor that will r e ac t with an e lec t ron accep to r to form 
a CT complex. When o - P s i s in such a complex the e lec t ron densi ty at the 
position of the posi t ron intensif ies and the annihilat ion r a t e i n c r e a s e s ' . 
We have observed th is quenching of o - P s (figs. 1 9, 20, 2 1 , 26 and 
table 7 .4) . It is a l so to be expected that if an e lec t ron accep to r i s a l r eady 
taking par t in CT complexes , i t s ability to form a complex with P s will be 
s t rongly reduced. This explains why CT complexes do not s e e m to quench 
o - P s to any significant extent (table 7 .4) . 
Normal ly , the P s l i fe t ime i s dec reased when P s r e a c t s with an e lec t ron 
accep tor (Ps quenching), and a l so the P s yield s e e m s to d e c r e a s e a s the 
73 54) 
accep tor concentra t ion i n c r e a s e s * . If the e lec t ron affinities (EA) 
given in r e f s . 47, 52 a r e c o r r e c t , the P s quenching abil i ty i s not sole ly 
dependent on the EA of the accep tor and the p rope r t i e s of the solvent ' . 
52) F o r ins tance , CS„ with an EA of 0. 98 eV shows hard ly any quenching 
2) 47) 
p rope r t i e s , whereas n i t robenzene with an EA of 0. 5 eV ' exhibits 54) typical quenching p rope r t i e s ' . 
According to the spur react ion model , e lec t ron accep to r s should inhibit 
Ps formation as a r e su l t of e lec t ron scavenging in the pos i t ron spu r . The 
p a r a m e t e r s which d e t e r m i n e whether an accep to r can a t tach an e lec t ron 
within a t ime re levan t for P s formation a r e t he re fo re impor t an t and will be 
d iscussed in s o m e detai l below. 
When a low energy e lec t ron coll ides with an accep tor molecule , different 
74, 75 ,76 ,77) p r o c e s s e s can occur ' ' ' '. 
- A + e" (8 .4a) 
I A + e" - A* ) - C + B" (8.4b) 
- A" (8 .4c) 
These p r o c e s s e s a r e mainly studied as gas phase r e a c t i o n s . However, 
mos t of the a rgumen t s can be modified in o r d e r to apply to liquid phase 
reac t ions too. In which c a s e , of cour se , the EA and d issoc ia t ion ene rg i e s 
mus t be co r r ec t ed for solvent effects. 
Which of the p r o c e s s e s (a), (b) or (c) will take place depends on the 
energy of the e lec t rons , the number of d e g r e e s of freedom in the accep tor , 
and the medium in which the p roces s takes p lace . F o r s m a l l molecu les 
with few deg ree s of f reedom and weak o r no in te rac t ion with the medium, 
and for e lec t rons with energ ies from t h e r m a l and up to the appea rance 
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potential AP of one of the fragments (e.g. B~), process (a) will be most 
probable (see arguments for 0 2 and S0 2 later in this section). (The AP for 
B is the lowest electron energy for which B" is created). For such small 
x- -15 77) 
molecules (A), a typical lifetime of A is 1 0 s , but it can be much 
-ft 
longer. The time for radiative relaxation to the ground state is — 10" s, so 
_7 
the probability that the electron stays on the molecule is ~* 10 . Another 
ty pe of relaxation is through collision with other molecules. A typical col-
1 3 - 1 -13 
lision frequency in liquids is 10 s . S o within 10 s the molecule is 
expected to relax to the ground state through collisions. Nonetheless the 
-2 probability that the electron will stay on the acceptor is ~* 10 . Hence, 
contrary to what one might expect at first sight, i. e. that an acceptor in a 
liquid always interacts with the solvent molecules to such an extent that it 
can attach an electron, this seems only valid to a limited extent. 
For electrons with energies in the interval AP * E *- AP + 1 eV, a 
highly probable process is the breaking of a bond: 
A + e" - B" + C. 
In this case the electron-accepting capacity of the acceptor will be high. 
For molecules such as Cl9 , Br9> and N^O, where the EA of the molecule is 
higher than or equal to the dissociation energy of a bond in the negative ion, 
this process will occur for electrons with thermal or higher energies ' . 
The excess energy can be removed by the fragments as kinetic energy. 
Process (8.4c) is most probable for large acceptor molecules. Here 
the molecule can relax electronically by distributing the energy gained by 
attaching the electron among its vibrational degrees of freedom. This i s , 
for instance, the case for molecules such as SFR and nitrobenzene. The 
negative ion for such molecules will appear even for the lowest electron 
energies. Also this type of molecule will have an appreciable electron-
accepting capacity. 
Processes (8,4b) and (8.4c), where the electrons created in the spur 
will be trapped and localized, will inhibit Ps formation. Process (10a) will 
not inhibit Pb formation significantly if the lifetime of the A is small 
-11 x-
compared to the Ps formation time -"10 s. If the lifetime of A is 
Longer than > 10"' ' s, as it seems to be for CS2K" 7 ' D i ' 79*, also this 
process will inhibit P.s formation. What is important for Ps formation is 
the abilit\ of the acceptors to trap and localize electrons for periods longer 
than -"10 s. Acceptor reactions witLi the spur electrons taking place 
after a time typical for the Ps formation will have no practical influence on 
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the Fs formation. When Ps is formed as e+ + e~ - Ps , the released 
energy can be removed by the molecules which a re separated when Ps 
creates its bubble. Furthermore, the reaction between charged particles 
and electrons differs from the reactions between neutral molecules and 
electrons, as discussed briefly at the end of this section. With these con-
siderations in mind we now proceed with a discussion of our experimental 
results . 
For SO, in n-heptane we find o equal to 0 and 17 M~ for the extreme 
K values, while o, for the SO--TMA CT-eomplex is 15 M in both cases . 
m * 1 2 r 
Tliis tendency of the CT-complex to inhibit more strongly than the acceptor 
by itself is evident for TCNQ-HMB in THF. (The effect of the donor by it-
self is in all cases very small at the concentrations used). Using the SO»-
TMA complex as an example, we shall in the following interpret this result 
in the framework of the spur reaction model. 
The weak inhibition (if any) by S 0 2 in n-heptane i s ascribed to the weak 
electron capture capacity of S 0 0 in n-heptane. The n-heptane SO- inter-
actions is rather weak and it seems as if SO, in n-heptane cannot get rid of 
the energy gained by attaching an electron to the SO«, and therefore it 
scatters the electrons according to formula (8.4a). Hence S 0 2 is a weak 
inhibitor. When TMA is added to the solution and the S02-TMA complex is 
formed, SO., can catch an electron and release the excess energy by breaking 
the SO.,-TMA bond in forming SO" and TMA. This process follows (8.4b) 
and the interpretation of the reaction mechanism is supported by negative 
ion mass spectroscopy results (see section 7). 
if n-heptane as solvent is substituted by a solvent with donor properties 
such as dioxane, SO., and the solvent will interact and form a CT complex. 
Again it is possible for SO., to get rid of the excess energy by breaking the 
HO., dioxane bund, and again we get inhibition as shown on fig. 24. 
"* 80) 
Goans and Christophoron have shown that O., in N2 , Co**2 and C,Hg 
is able to attach low energ} electrons and form O" This attachment has a 
maxima for electron energies of 0.04 eV and the attachment cross section 
practically disappears for electron energies of 0.1 5 eV. The attachment 
rate increases strongly as the car r ie r gas pressure increases . This shows 
that relaxation phenomena are of great importance for the attachment rate . 
-5 - 78) 
Pure (>., at low pressure ( <10* mm Hg) is unable to form stable 0„ ' . 
B> v t ry reasonable assumptions, the autoionisation lifetime for 0~ has 
been estimated to be ~ 2 • 1 0" " s ' . 
- riS -
Also SO can attach hw energy e lec t rons and form SO, via a nuc lear -
excited r e shback resonance mechanism ' . The at tachment ra te exibits a 
maxima for e lec t ron energies, of «„©» eV. A^ain the at tachment c r o s s s e c -
tion i n c r e a s e s with increased c a r r i e r gas p r e s s u r e showing that relaxat ion 
phenomena a r e ^f ^ rea t impor tance for the a t tachment . The autoiotusation 
x- -Hi 
l ifetime for SO, is e s t ima te s to be > J • It) s. 7he radiat ive s tabi l izat ion 
r a t e <>f S O , i s — 1.8 * 1 0 ' s ' . These r e s u l t s indicate that both SO., and 
o , in Liquids should be able to inhibit P s formation; at leas t if a major par t 
of the Ps is forn.erf with e lec t rons of energ ies c lose to 0.04 - 0 .05 eV. If, 
however, the major part of the Ps is formed with less energet ic e lec t rons 
o r e lec t rons with energies fr«>m , | - 3 e \ , it i s reasonable that prac t ica l ly 
no inhibition IJ- »bnerved, air.:; »v. ;t see:i .s very unlikely that Ps should be 
forn.ed with e lec t rons with energies above I eV. F o r e lec t rons with energ ies 
above 3 eV the a t tachment c r o s s section for both O., and SO,, i n c r e a s e s due 
to d issoc ia t ive a t tachment (8.4b) . The question of whether o r not 0.y a n d / o r 
S O , inhibit Ps formation m the a ikanes s e e m s to be unanswered at p r e s e n t . 
Finally, it can be mentioned that the autoionisation lifetime of excited 
negative ions d e c r e a s e s rapidly with inc reas ing energy of the attached 
e lec t rons . r o r l a rce e lec t ron accep to r s (M. ^ 100), the a i to ionisat ion 
l ifet ime can be s eve ra l hundred ,*» for e lec t ron energ ies " 0 . 0 eV 
In the ca se of l a rge r accep to rs , such as TCXQ, one expects that p roces s 
(8 .4c) is poss ible And that the TCXQ alone can inhibit Ps formation. This 
expectation s e e m s valid (fig. 25. table 7.4) . However, the lone pa i r of the 
oxygen in IMF has donor p rope r t i e s , so a lso h e r e one mav expect s o m e CT 
complexes to t>e formed and the p rocess 
" ICXQ-1HF «• e" - TCXQ* + TIIF 
to taive pi.ice. Probab.y both p r o c e s s e s take pi.«ce. At all events the 
formation of the '1CXQ-HMB complex strongly i nc reases the inhibition (fi^.. 
2"), t.m.e 7. J). A <>. 2 M solution of HMH in 1 HF had pract ical ly the san.t-
l ifet ime s p e t l r u m as pure OfF. This indicates that in liquids p roces s 
(;;.4->) :s more efficient at electron scavenging than process (Si.4c). TCXK 
in dii x.me very much r e semb le s TCXQ in THF, but the addition of HMB to 
the solutions !o<i no effei t on the ufettn.e s p e c t r a , as shown on hu. 2 ! . 
Si."it e the optu at spet tr.» indicate that \ c r , »mail amounts of TCXK-ll.Mi; 
a r e formed (section 7), it is reasonable to expect that the influence of the 
complex on the Ps lifetime spec t ra is negligible, just as is observed. 
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PPS is a salt and electron acceptor. In this twitterion the propane 
group can allow the -SOl group to approach the pyridine ring, and in this 
way form an intramolecular CT complex. PPS is a good electron acceptor 
84) 
as shown by Hickel , who determined i ts ra te constant with hydrated 
electrons in water to be (2. 5 - 0. 3) I 0 M~ s" . As a large solvated 
acceptor, PPS is expected to inhibit P s formation, which is in fact the case, 
as seen on fig. 26. To the author's knowledge, this is the only example, 
together with NO, in water, where the inhibition has been shown to follow 
tfte model of Green and Bell (eq. 5.1 00) (ref. 38) almost exactly. 
The main effects of adding electron donors to solutions with acceptors 
were also observed by Hautojarvi and Levay \ When they added pyridine 
to a solution of iodine in cyclohexane, they observed an increase in the O - P E 
lifetime and a stronger inhibition. 
Since Ps formation takes place within the ps region '
 t the interpretation 
given above of the inhibiting effect of CT complexes means that it may be 
difficult for an acceptor to get rid of excess energy within a few ps. How-
ever, also at longer times there may be difficulties in getting rid of excess 
energy. 
Recent studies of electron neutral-molecule reactions in hydrocarbons 
86-891 
' have shown that the rate constant is not proportional to the electron 
mobility in many cases . Hence the reactions a r e not diffusion-limited. 
On the other hand, the electron-ion recombination in the spurs of several 
liquids (including hydrocarbons) was well described by a diffusion-controlled-
reaction theory. Hence, the attachment of electrons to neutral molecules 
is rather difficult, also at longer t imes after the creation of the spur. From 
our results we expect that the rate of an electron neutral-molecule reaction 
is strongly increased when the molecule takes part in a CT comples. P e r -
haps this effect will permit a study of diffusion-limited electron reactions 
with small neutral molecules (like S0 9 ) having reasonably small reaction 
radii. 
9. CONCLUSION 
There seems to be strong evidence that Ps i s contained in a bubble in 
several organic liquids. 
An argument in favour of this supposition is the change in the rate 
constant between o-Ps and iodine/nitrobenzene in the different alkanes. 
The change in the rate constant can easily be explained as the result of 
bubble shrinkage, bt't it is difficult to explain by other models. Also the 
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fact that the narrow component in the three Gaussian fit of the angular cor-
relation curve is considerably broader than the resolution of the apparatus, 
speaks in favour of the existence of the bubble. Believing the p -Ps momen-
tum distribution to be reasonably well represented by the narrow component 
leads to the conclusion that the p-Ps momentum corresponds to kinetical 
energies much larger than thermal. These high energies would be expected 
if the Ps was caught in a potential well (here the bubble). 
This broadening of the narrow component can be used in calculating th«» 
radii of the bubbles where the Ps is caught (5. 59). These bubble radii can 
apparently also be calculated from the surface tension of the liquids (5.48). 
The bubble radii calculated from the two methods mentioned a re in reason-
able agreement with each other. 
The fact that the Ps is contained in a bubble in the liquids strongly 
influences the way in which the Ps reacts with electron acceptors. For 
electron acceptors with little EA, the lifetime of the acceptor-Ps complex 
will be reduced due to bubble shrinkage. The reduced complex lifetime will 
influence the effective o-Ps-acceptor rate constant in such a way that it 
seems much smaller than it would have been for strong acceptors. The 
more rapidly the bubble shrinks, the smaller will be the apparent ra te 
constant. 
In considering the probabilities of Ps formation, the three effects pre-
dicted by use of the spur reaction model of Ps formation ' could be found. 
The addition of the three proton scavengers-dioxane, triethylamine, and 
pyrrolidine- to n-heptane increases the Ps formation. This is interpreted 
as being caused by scavenging in the positron spur of protons that would 
otherwise react with electrons. Hence, more electrons a re available for 
Ps formation. Also the predicted minimum in Ps formation in the carbon 
disulphide- n-hexane mixtures was found. This minimum is interpreted as 
caused by trapping of electrons on carbon disulphide at a rather low carbon 
disulphide concentration, while tunnelling of electrons results in a higher 
electron mobility, and therefore a greater probability of Ps formation, at a 
high concentration of carbon disulphide. The effect of changing the V of 
the solvents with CS9 also proved to be as predicted by the spur model. In 
a solvent with positive V , the CS„ trap becomes deep, and the minima in 
the I':, yield become deep. For solvents with high negative V (TMS), the 
trap on the CS.; molecules becomes so shallow that it cannot trap the electrons, 
and no minima are observed in the Ps yield. It seems as if the electron-
trapping ability of the acceptors depends on the V of the solvent. 
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In addition, effects were found which could naturally be ascribed to the 
influence of solvation on the particles, (e. g. pyrrolidine and TEA in 
n-heptane). These results a r e fairly strong arguments in favour of the 
spur reaction model, but they do not, of course, prove unambiguously that 
the model is correct. 
Proposals can be made for new radiation chemistry experiments to 
test the interpretation of the results . The mobility of the excess electrons 
in carbon disulphide- n-hexane mixtures will probably show a well-defined 
minimum (perhaps a factor of about 1 0 below the hexane value) at the con-
centration where the lowest Ps formation is measured. The mobilities for 
these mixtures will be very interesting in view of the difficulties of explaining 
the fairly large difference between the excess electron mobilities for pure 
substances. Also measurements of the electron rate constant and of the 
absorption spectra of CS2" (or perhaps C2S4") in the carbon di&ulphide-
n-hexane mixtures would be useful. The intensity of the absorbtion band 
will perhaps decrease and broaden when further tunelling sets in at higher 
carbon disulphide concentrations. The results for the other three mixtures 
can, of course, also be usefully correlated to future experiments (e.g. 
proton scavenging and solvation time measurements, studies of clustering, 
etc.) . 
For the reactions between electron acceptors and Ps , the results show 
(in accordance with other papers) that o - P s reacts with the majority of the 
electron acceptors. This reaction decreases the o-Ps lifetime. The addition 
of electron donors to the solvent resulting in the formation of CT complexes 
lowers the reactivity of the electron acceptors, seen as an increases in the 
o-Ps lifetime. The lowered reactivity of the acceptors in the complex was 
used to obtain the complexity constant for some CT complexes. This new 
method for determination of complesity constants may be of importance, 
especially for systems where the optical method is not applicable a s , for 
instance, in opaque media. 
Some of the acceptors were found to inhibit Ps formation. The addition 
of electron donors with the formation of CT complexes increased the in-
hibiting effect. The results were interpreted in the framework of the spur 
reaction model of Ps formation. According to this model the Ps yield depends 
on the electron-accepting capacity of the electron acceptors in the liquids. 
This capacity is not solely dependent on the EA of the acceptor but seems 
more to depend on the "surroundings" of the acceptor. Acceptors which 
can attach thermal electrons in the gas phase, by breaking bonds or dis t r i -
buting the energy on its vibrational degrees of freedom, will also inhibit Ps 
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format ion. Smal l a c c e p t o r s , which cannot a t tach low energy e l ec t rons in 
the gas phase a t low p r e s s u r e ( ^ 1 0~ mm Hg). can only to a l imited extent 
a t tach e l ec t rons within the ps region in nonpolar solvent without donor 
p r o p e r t i e s . Accordingly, the inhibition c r o s s sect ion for P s format ion will 
be low. If, however, the s a m e accep to r s in the nonpolar solvents par t ic ipa te 
in a CT complex, o r if they a r e dissolved in a solvent with donor p r o p e r t i e s , 
the e lec t ron-accept ing capacity i n c r e a s e s because the r e l e a s e d energy can 
then be removed by breaking the weak bond. Under such c i r c u m s t a n c e s the 
accep tors will consequently inhibit Ps formation. 
It would be very in te res t ing to t es t this in te rp re ta t ion by a d i r e c t pulse 
rad io lys i s study of the scavenging of e lec t rons by a c c e p t o r s and CT c o m -
plexes , in pa r t i cu la r in the ps region where formation of Ps t akes p lace . 
Also the effect of a s t rongly enhanced e lec t ron cap tu re by a c c e p t o r s taking 
pa r t in a CT complex in vacuum, as was found by negat ive ion m a s s s p e c t r o -
scopy, should be studied fur ther . Some of these inves t iga t ions a r e cur rent ly 
being c a r r i e d out at our l abora to ry . 
Altogether , the r e s u l t s demons t r a t e that Ps formation in binary mix-
t u r e s of organic liquids and liquids containing e lec t ron accep to r s a n d / o r 
CT-complexes i s an in te res t ing topic for further s t ud i e s . The in te rp re ta t ion 
of the r e s u l t s indicates that fairly complicated s p u r p r o c e s s e s , which have 
t>sen only Lutie studied in radiat ion chemis t ry , s t rongly influence the amount 
of P s a toms formed. Pos i t ron ium formation expe r imen t s , which a r e no r -
mally fas te r and e a s i e r to per form than typical radiat ion chemis t ry expe r -
imen t s , can the re fo re be used with advantage in the study of s o m e impor tan t 
p rob lems in radiat ion c h e m i s t r y . 
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APPENDIX 1 
This appendix gives a short description of the computer program used 
to obtain the complexity constant for some CT-complexes. 
The program calculates the complexity constant (K) of a CT-complex, 
the extinction coefficient (c) of the CT-complex, and the extinction coefficient 
(* ) of either the pure donor or the pure acceptor. 
The input data can be obtained from a set of measurements of the ab-
sorbances (abs) in a CT-band. 
The CT-complex must be in a solvent. 
The absorbances must be measured for different CT-complex concen-
trations all at the same wavelength. 
For all the measurements, the concentration of the donot [D ] must 
be a constant (k) times the concentration of the acceptor [ A ] . 
The following mathematical models a re used: 
[ D Q ] = k [A o ] . (Al . l ) 
Assuming the donor absorbes at the wavelength, the absorbance is 
(1 cm cell): 
abs = e [AD ] + c (kLA ] - [ADj) = (c - « ) [AD] + e ok[A o3, (A). 2) 
where
 LAD ] is the concentration of the CT-complex. Assuming that only 
1 :1 complexes occur, the complexity constant is 
K =
 ([AJ -lAbJMkLAj - LAbJ) • ( A K 3 ) 
Setting [A J = C and solving (Al. 3) for [AD] yields, 
;,\D] = i ((1 + k ) C + K"1 - I (((1-k) C + K"T ) 2+ 4kC/K) . (Al.4) 
Introducing the substitution 
o = c - e 
o 
ø = k(c + «0 ) /2 
x
 '' T + 1R ' ' / ( 0 - 2 5 ( 0 - k ) c * K _ 1 ) 2 + kC/K) 
the absorbance (At. 2) is 
abs = a x + p C 
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now the absorbance is expressed in t, t , K, k and C. 
Using a least squares fitting, the theoretical spectra (A1.2) a re fitted 
to the measured absorbances (Y) in such a way that 
S2 = E(Yj - a X j - P C ^ W j (A1.5) 
j 
is minimized. Here j is the index for the different measurements in the 
ser ies and w is the weight factor given to the individually measured 
absorbances. 
For this problem the unknown a and p (or c , c ) a re linear fitting 
parameters and K is a nonlinear fitting parameter. This means that having 
a given K, o and p can be calculated directly by setting 
in = ws ° {A1-6) 
and solving the equations (A1. 6) for a and p. This yields 
I w.x. Y. • Ew.C? - Iw,Y.C i • £w.x,Ci 
a = -1 * i-y. i _ 1 (At. 7) 
Ew.x • Zw.CT - (Ew.x .C . r j J J j J J j J J l 
f jY ic i - a Wi p =J jl . 
z wjcf 
1 J J 
9 
The minimum of S" is obtained using Newton iteration method for K 
j ^ _ ^ dS / i d S 
Recalling that a, p and x depend on K, all differentiations have to be 
made through these parameters in calculating -nr- and *-. 
d3^ ^K* -30 
The iteration has converged when -rrr is below a preset value (often 10 ). 
A statistical analysis of the output data is also given. This very closely 
follows the procedure given by Kierkegaard in ref. 90. The progiam was 
tested on several synthetic data with excellent resul ts . Used on experimental 
data, it gave presumably good results. As a check on the output data, the 
calculated e can be compared to the value obtained for the pure compound 
in the same solvent. 
The computing time for a typical calculation (10 different abs) is 0.1 -0,01 s 
on a B 6700 computer. 
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APPENDIX 2 
Th i s appendix de sc r ibe s how the gas phase complexity constant between 
an e lec t ron accep to r and donor may be de te rmined by the PV technique. The 
complex SC 9 -TMA is used a s example . 
Equ imo la r amounts of TMA and S 0 2 were condensed in an ampoule . The 
t e m p e r a t u r e of the mix ture was i n c r e a s e d to room t e m p e r a t u r e , at which 
point t r a n s p a r e n t c r y s t a l s appea red . 
By letting the vapour ove r the c r y s t a l s expand into a known volume V 
and measu r ing i t s p r e s s u r e P , and thereaf te r condensing the vapour in an 
ampoule and de te rmin ing the weight W of the condensed vapour in the 
ampoule , the gaseous phase complexity constant of the complex was d e t e r -
mined as follows. 
The vapour i s composed of accep to r molecu les , donor molecules and 
complex m o l e c u l e s . Assuming that only 1:1 complexes occur , the total 
amount of mo lecu le s , n, can be de te rmined a s : 
PV 
, , _ , -ALI -
O ' * O ' O 
n = (A -AD) + (D -AD) + AD = 2A D = « mole (A2.1) 
where AD is the amount of complex and A , D i s the to ta l amount of 
r
 o* o 
accep to r and donor molecu les i r r e s p e c t i v e of t he i r ex is tence as free mole -
cules o r the i r par t ic ipat ion in a complex AD. Here A = D . F r o m the 
weight W, A i s de te rmined 
A = ^ - mole , (A2.2) 
O JVl 
W 
where M is the m o l a r weight of the complex. Combining (A2.1) and 
(A2. 2) we have: 
AD = 2Ao - n = (2 ^ - - -j^r ) mole, (A2. 3) 
w 
and the gas phase complexity constant K can now be calculated by use of 
(A1.3) , (A2.2) , and (A2. 3). 
K - - * P _ ^
 M-» . 
(A o-AD)" 
F o r SO.,-TMA, we obtained P = 3 .5 nun Hg, V = 9. 4H8 1, W = 0. ) 204 g, 
and Al = 1 23. 1 7, giving 
K * 1800 M " 1 . 
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The gas phase complexity constant for the SO.-TMA complex has bees 
determined optically by Christian and Grundness ' to be 340 M . The 
r l l f 
value of K determined here is rather uncertain since - n - in this case i s 
-1 -1 
~ - 9000 M (mm Hg) . The method can be used on other complexes. 
For complexes with higher vapour pressure , the accuracy can be unproved 
considerably. 
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